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Quantifying  the  emergy  baseline  of  the Earth  is a practical  necessity  for  emergy  evaluations,  because  it
serves  as  a uniﬁed  basis  for determining  transformities  of the  available  energy  storages  and  ﬂows  of  the
geobiosphere.  The  current  debate  over  the  value  and  signiﬁcance  of  the  planetary  baseline  has  been  in
progress  since  1998,  when  the  author  ﬁrst  brought  new  data  on geopotential  energy  formation  in  the
world  oceans  to  H.T.  Odum’s  attention.  In this  paper,  past studies  of the  baseline  were  reviewed  and
errors  in  data  translation  and  model  formulation  were  found  to  be  sufﬁcient  to justify  a new  calculation.
A  fundamental  epistemological  obstacle  to  establishing  a  uniﬁed  planetary  baseline  (i.e., the production
functions  for deep  Earth  heat  and  tide  as a function  of  solar  radiation  are  unknown)  is  overcome  by
using  the transitive  property  of  equalities  to estimate  equivalences  between  solar  radiation  and  Earth’s
deep  heat  exergy  ﬂows  (4200  solar  equivalent  joules  per joule,  seJ J−1)  and  between  the  exergy  of solar
radiation  and  the  tidal  exergy  dissipated  in  the  oceans  (35,400  seJ J−1). At  present,  the  planetary  baseline
for  the Earth  with  its  ice-covered,  polar  oceans  is approximately  1.16  × 1025 seJ y−1 and  the distribution
of the  emergy  or  the  organizing  power  of the  inputs  is: 1/3 solar  radiation,  1/3 deep  Earth  heat  and  1/3
tidal geopotential  energy.  In  addition,  the  planetary  baseline  has  been  remarkably  stable  over  the past
25 24 −1555,000,000  y (1.00  × 10 ± 1.13 × 10 seJ  y or within  ±11%).  The  tidal exergy  dissipated  in the world
oceans over  this  time  varies  from  31%  to  155%  of its present  value  largely  due  to the changing  efﬁciency
of  the  Earth  as  a “machine”  for  generating  tidal exergy.  Close  correspondence  of the  value  and properties
of  this  new  baseline  with  the principles  of  Energy  Systems  Theory  indicates  that  it should  be preferred
over  prior  determinations.
evier
the available energy (i.e., exergy)1 of one kind used in the past,Published  by Els
. Introduction
One of the greatest problems confronting people who make
ublic policy decisions is how to fairly weigh the value of dis-
arate quantities in decision-making, so that maximum beneﬁts
r minimum losses can be achieved upon making a choice among
lternatives. One common approach to solve this problem is
hrough economics, i.e., a market or nonmarket monetary value
s determined based on the willingness of people to pay or accept
ayment for a product or service (Breidert et al., 2006). This method
orks fairly well when a value must be assigned to items of com-
on  use among people; however, economic methods are not as
seful or as accurate when value must be assigned to the work of
he environment or in cases where overall public well-being is of
oncern (Campbell, 2014).
∗ Corresponding author. Tel.: +1 0114017823195; fax: +1 0114017823030.
E-mail address: campbell.dan@epa.gov
ttp://dx.doi.org/10.1016/j.ecolmodel.2015.12.010
304-3800/Published by Elsevier B.V. This is an open access article under the CC BY-NC-N B.V.  This  is  an open  access  article  under  the  CC  BY-NC-ND  license  (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
H.T. Odum’s fundamental insights into the structure and func-
tion of all systems lay in the realization that the transformations of
energy potentials underlie all actions and that they are hierarchi-
cally organized. As a result of this fact, an accounting procedure
establishing value, in terms of the available energy required to
produce an item, i.e., its “production cost”, can be carried out for
anything, if the production function is known. Building on this
insight, Odum (1996) proposed an evaluation system that is capa-
ble of representing the value of environmental, economic, and
social “goods and services” with a common, comprehensive mea-
sure, emergy. Emergy is an accounting quantity that tracks all ofboth directly and indirectly, to make a product or service (Odum,
1996). Its unit is the emjoule abbreviated sej (Odum, 1996) or semj
1 In this paper, available energy and exergy are used interchangeably to refer to
the same quantity, i.e., the work that can be performed by an energy potential, when
it  is reduced to its ground state.
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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calculation, by estimating the value of the baseline in the present
and from 555,000,000 years BP5 to the present time using Euclid’s
Axiom: two  things, which are equal to the same thing, also equal
3 In theory, solar radiation and the mass of the Earth might be traced from a com-
mon  energy source (gravity) through the origin and evolution of the solar system,
but  the production functions are unknown or uncertain. This method of tracking
the  emergy inputs was  explored with Steve Tennenbaum, but it was  not used in this
study.
4 Over the long run the high energy radiation and particles carried by the “solar
winda¨re generated by the same processes on the sun that are responsible for incom-
ing  solar radiation, thus to add additional emergy for this input would be double
counting (Odum, 1996). Other minor sources of energy and mass entering the Earth
are  not considered in this analysis, e.g., mass inﬂux of interstellar matter.D.E. Campbell / Ecologica
Scienceman, 1987). It is a solar equivalent joule of available energy
hat has been used in the past to create a product or service. Since
he sun is by far the largest source of energy and of available energy
ntering the Earth, it is logical that the solar joule was  chosen as
he base energy type (Odum, 1996).
Solar emjoules can be used to quantify all products of the
ransformations of available energy delivered to the geobiosphere
hrough the planetary baseline. To perform this accounting using
mergy, the production process for an item must be known and
he many disparate forms of available energy that are required in
he process must be converted to available energy of a single kind,
.e., of a single quality, such as, solar equivalent joules. However,
he Earth’s deep heat and tidal exergies cannot be quantiﬁed as
roducts of the exergy of solar radiation (Raugei, 2013). For this
eason, in this study, we follow Brown and Ulgiati (2016) in rec-
gnizing Raugei’s assertion that the emergy baseline of the Earth
ust be quantiﬁed as solar equivalent joules, seJ, rather than as
olar emjoules, sej, the measure of solar emergy.
Since all natural phenomena are organized as a hierarchical
nterconnected system of energy ﬂows and interactions, for practi-
al reasons, spatial and temporal boundaries must be set for every
nalysis. A “window of observation” is a device that can be used
o establish the spatial and temporal limits of a system. For exam-
le, temporal limits can be established in the frequency domain by
he maximum time of observation and the minimum time between
bservations (Campbell, 1984). In order to make decisions for soci-
ty, the geobiosphere (Odum, 1996, Fig. 3.1; Brown and Ulgiati,
010) must be evaluated, because it is the system of which soci-
ty is a part. Furthermore, the larger scale of evaluation needed to
nderstand the geobiosphere is that of the whole Earth. Thus, the
argest spatial dimension for our decision-making will be no larger
han the scale of the geobiosphere, or the Earth’s surface with atmo-
pheric and solid Earth boundaries functionally deﬁned, and the
emporal boundary will be no longer than the period of time over
hich the geobiosphere can exist. Although this time is uncertain,
t is roughly from 3.6 to 3.5 × 109 years before the present, BP (i.e.,
rom the time of the stromatolites, which provide the ﬁrst fossil
vidence of life in the geologic record) to some unknown time in
he future. One estimate of the time at which the planet will no
onger support life is provided by Sorokhtin et al. (2011), who pre-
ict that 0.6 × 109 years into the future, the release of free oxygen
rom the interior of the Earth may  result in oxygen concentrations
t the surface that are too great for life to exist. In both cases the
pper limit of the spatial and temporal windows of observation will
e determined by the sampling interval (Campbell, 1984), because
his deﬁnes the size and frequency of observable phenomena.
In emergy evaluations, the track-sum method (Tennenbaum,
988) or some variation of it (Li et al., 2010; Le Corre and Truffet,
012) is used to trace the ﬂow of available energy through a web of
roduction functions to quantify the available energy required for
 product or service by summing the inputs without double count-
ng. To accomplish this one type of available energy must be chosen
s a base and most emergy evaluations of environmental systems
hoose solar joules. Many products and services observed on the
arth can be traced in large part to the transformations of available
olar energy, e.g., solar and wind energy → the transpiration2 of
lants → gross primary production (GPP) → deer biomass → Native
merican hunters → egalitarian social structures (Ojibwa, 2012);
owever, the Earth system would not exist in its present form if
he sun was the only energy source operating the planet. In fact, the
vailable energy ﬂow from deep heat generated within the Earth
2 In emergy evaluations, transpiration is assumed to completely capture the
mergy basis for plant production, because it integrates, solar radiation, wind
nergy, vapor pressure gradients in air and fresh water (Odum, 1996).lling 339 (2016) 96–125 97
and the available energy ﬂow supplied by the gravitational attrac-
tion of the Moon and Sun are essential for the operation of Earth
processes, e.g., tectonic processes and tidal transport and mixing,
in the former and latter case, respectively. These three disparate
sources of available energy to the Earth are quasi-independent3
and as a result they are not amenable to the standard track-sum
method for determining the emergy of their quantities in terms
of the solar joules required. Nevertheless, establishing an emergy
baseline for the Earth that uniﬁes these three sources under a com-
mon  unit is a practical necessity to carryout emergy accounting in
a uniform manner for all systems within the geobiosphere.
If emergy accounting is to fulﬁll the requirements given
above, equivalence must be established between the three major4,
irreducible, quasi-independent available energy inputs to the Earth,
i.e., solar radiation, S, deep Earth heat, E, and the gravitational
attraction of the Moon and Sun or the tides, G. If the base unit
for emergy evaluations is the solar joule, the problem reduces to
establishing equivalence between solar radiation and the available
energy of Earth’s deep heat ﬂow and between solar radiation and
the available energy dissipated by the tides in the oceans, i.e., calcu-
lating the solar transformities of deep Earth heat and oceanic tidal
dissipation. Once these equivalences are established, an emergy
baseline for the Earth can be determined by multiplying the solar
transformities of solar radiation, deep Earth heat, and tidal dissi-
pation by their respective ﬂows of available energy that drive the
geobiosphere. The emergy baseline of the Earth or the solar equiv-
alent joules per year, seJ y−1, inﬂowing to the Earth’s geobiosphere,
once established, can be used to determine the transformities
(sej J−1) of all planetary processes, e.g., the annual available energy
ﬂows of the wind, rain, waves, etc. The primary and secondary
emergy inputs are the basis for calculating all transformities and
other emergy per unit values, e.g., speciﬁc emergies, sej g−1, emergy
to money ratios, sej $−1 etc. of storages and ﬂows within the Earth’s
geobiosphere.
The goal of this paper is to provide the community of scientists
with an accurate estimate of the planetary emergy baseline of the
Earth. In the process, it will be demonstrated that the planetary
emergy baseline of the Earth is not entirely arbitrary and that the
choice of a baseline is a matter that ultimately reﬂects on the scien-
tiﬁc integrity of emergy research, if not the practical outcomes of
emergy evaluations. The objectives of this paper are ﬁrst to examine
the data and models upon which past emergy baseline calculations
have been made as a way  to demonstrate the need for a new cal-
culation of the planetary baseline, and second, to carry out that5 Five hundred and ﬁfty-ﬁve million years BP was chosen because it is the mid-
point of the period from 570 to 540 × 106 y BP, which Kagan (1997) characterized
as the Early Cambrian Age; a time when multicellular animal life ﬁrst began to
dominate the Earth, e.g., a fully developed fauna of trilobites and brachiopods was
present in the fossil record by 542 × 106 y BP. At this time, the continents already
had undergone several cycles of convergence and divergence and Earth heat ﬂows
were in a slow, stable decline (Sorokhtin et al., 2011). Plants had not yet evolved
and the continents were barren. However, the seas were full of life, and increasing
oxygen concentrations in the sea may  have given rise to the Cambrian “Explosiono¨f
multicellular animal life. http://www.ucmp.berkeley.edu/cambrian/cambrian.php.
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ne another (Heath, 1908, see http://www.sfu.ca/ swartz/euclid.
tm).
. A historical review of the science related to the
alculation of planetary emergy baselines
This section includes a historical review of the science related
o the calculation of the Earth’s planetary emergy baseline with a
ocus on the evolution of the idea and on errors in past calcula-
ions. The historical context for the baseline is not well-known and
as not been published in detail in existing peer-reviewed publica-
ions; therefore, it is presented here. The numerical and conceptual
rrors found in past calculations of the baseline and the mixing
f time scales in the two equation-two unknown models used in
dum (2000) to solve for the transformities of deep Earth heat
nd tidal geopotential energy have not been identiﬁed in earlier
tudies.
.1. The Earth’s emergy baseline: Evolution of an idea
A chronological account of the evolution of the idea of environ-
ental accounting and the concomitant need to specify a baseline
or making emergy calculations is given in Appendix E of Odum
1996). In the early stages of thought on this subject, Odum real-
zed that higher quality components and ﬂows within an ecosystem
ould be expressed in terms of fundamental units of lower quality
hat were required for their production. Initially, this idea was man-
fested as an accounting method based on organic matter with 1000
ilocalories of sunlight required for a kilocalorie of organic matter.
 second major advance in the development of emergy methods
ccurred during Odum’s trips to New Zealand (1980–1982). At this
ime, he recognized that there was a hierarchy of energy trans-
ormations on the surface of the Earth, such that the solar driven
rocesses of the oceanic and atmospheric heat engines carry rain,
ind and waves onto the continents and in this way  the solar
nergy of global processes would be “embodied” in land productiv-
ty (Odum, 1996). Thus, the rain falling on land must be of higher
ransformity6 than that falling on the oceans, because of the avail-
ble energy required for its hierarchical convergence onto the land.
n 1983, while visiting the International Institute for Applied Sys-
ems Analysis (IIASA) in Austria, Odum made a third breakthrough
n his understanding of environmental accounting for the Earth
Odum and Odum, 1983). When he returned to Gainesville, FL, after
hat trip, he was beaming because he had come to understand how
quivalence between solar energy and the geologic heat sources
rom within the Earth could be made. These calculations resulted
n a baseline for the Earth of 8.0 × 1024 seJ y−1.
The present form of the planetary baseline, in which the annual
mergy inﬂow from solar radiation, deep Earth heat and the tides
re all quantiﬁed, was established more than a decade after the
dum’s visited IIASA with the publication of Odum (1996). In
his book, he added an estimate of the emergy of tidal currents
o earlier estimates of the emergy supplied to the Earth through
olar radiation and the Earth’s deep heat ﬂow, which resulted
n an 18% increase in the planetary baseline, from 8.0 × 1024 to
.44 × 1024 seJ y−1. At this time, Odum recognized that studies by
pecialists in geophysics might be required to reﬁne his initial base-
ine calculations. However, he argued that the absolute value of the
lanetary baseline might not be so important, since the results of
mergy analyses are relative to a given baseline and, in general,
ill not change with a change in the reference level (Odum, 1996).
6 Higher transformity or higher emergy per unit exergy ﬂows (sej J−1) are of higher
uality because they can do more different kinds of work, e.g., rain on land can
upport higher plant productivity, chemical weathering, etc.lling 339 (2016) 96–125
In 1996, he thought that “it may  be desirable not to change the
baseline further, since it does not affect the differences on which
EMERGY accounting is based.” Nonetheless, it seems obvious that
a change would be warranted, if scientists develop an improved
understanding of the geophysics of the Earth or if substantive errors
are identiﬁed in the original calculations.
2.1.1. Changes in the planetary baseline after 1996
An inconsistency in Odum’s calculation of the 9.44 baseline
arose, because the emergy of the tides had been estimated in a
different manner from that of the Earth’s deep heat. Speciﬁcally,
Odum’s elegant determination of the equivalence between solar
radiation and deep Earth heat relied on Euclid’s principle, which
is equivalent to the transitive law of equalities in logic (i.e., If a = b
and b = c; then a = c; http://www.britannica.com/EBchecked/topic/
602836/transitive-law). However, at that time, Odum did not have
a parallel process to evaluate the equivalence between the tidal
energy and solar radiation, so this relationship was estimated by
assuming that the solar transformity of tidal currents was  equal to
that of the physical energy of streams (Table 3.2 in Odum, 1996).
This inconsistency was resolved when Campbell (1998) found data
on the generation of geopotential energy in the world oceans
(Oort et al., 1989) that allowed the transformity of the tides to be
estimated in a manner similar to that used for the deep heat of
the Earth (Campbell and Odum, Appendix B in Campbell, 1998).
Despite errors in their interpretation of the geopotential energy
calculations of Oort et al. (1989), the work of Campbell and Odum
(1998) led to a new direction in the calculation of the planetary
baseline that was focused on the application of uniform calcula-
tion methods. A key question raised by Odum in this study was
whether the Earth’s deep heat ﬂow contributed to the tidal com-
ponent of the geopotential energy of the world oceans. As a result
of his arguments, Campbell (1998) calculated a planetary baseline
of 10.57 × 1024 seJ y−1 for use in an emergy evaluation of the State
of Maine, by assuming that the geopotential energy of the world
oceans was  created by the interaction of S, G, and E and the Earth
Cycle is driven by the interaction of S and E.
Odum and Campbell took divergent approaches to calculating
the baseline from their initial study. Odum (2000) and Odum et al.
(2000) calculated the equivalence between solar energy and the
Earth’s deep heat ﬂow and between solar energy and the available
energy of the tides by setting up a system of two  equations to solve
for the two  unknowns. The structure of these equations implied
that the energy inputs to the Earth’s geobiosphere supplied by solar
radiation, the gravitational attraction of the Moon and Sun and the
deep heat from the Earth are completely coupled through mul-
tiplicative interactions to (1) produce “crustal” heat ﬂow and (2)
produce the geopotential of the world oceans. In a completely cou-
pled system, these two  equations, when evaluated, give a baseline
of 15.83 × 1024 seJ y−1. In these two publications, Odum converted
many existing transformities to the 15.83 baseline and calculated
many new ones relative to this baseline.
In the meantime, Campbell (2000a) made two estimates of the
planetary baseline using the numbers from Odum (1996) under
the assumption that the geopotential energy of the world oceans
is the same regardless of how it is generated; and therefore, it
can be split into two products with equal transformity (a variation
of Euclid’s principle mentioned above). Without changing Odum’s
determination of the transformity of Earth’s deep heat, Campbell
(2000a) set up two equations: one for the transformity of the tide,
if only solar radiation (S) and the gravitational attraction of the
Moon and Sun (G) were responsible for generating the geopoten-
tial of the world oceans, and a second for the case in which the
emergy of the sun, the emergy of the Earth’s deep heat (E) and
the emergy of the tides determine the geopotential of the world
oceans. When these relationships were evaluated the former case
D.E. Campbell / Ecological Modelling 339 (2016) 96–125 99
Table  1
Fraction of empower inﬂow attributable to each independent emergy source for different conﬁgurations of the inputs to the baseline. Source conﬁgurations are shown as a
combination of the letters S, G, and E (S, solar energy, G, gravitational attraction of the Moon and Sun and, E, Earth deep heat) with the conﬁguration used to estimate the
transformity of crustal heat given by the ﬁrst set of letters and the conﬁguration for the geopotential of the world oceans by the second set. All combinations are shown,
whether used in a paper or not.
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inputs. The numbers underlined and in red in Table 1 indicate that
the energy quality matching in these conﬁgurations is inefﬁcient
compared to other possible conﬁgurations.1) Odum (2000). (2) Brown and Ulgiati (2010). (3) Campbell & Odum in Campbell (
ave a planetary baseline of 9.26 × 1024 seJ y−1 and the latter a base-
ine of 10.57 × 1024 seJ y−1. Furthermore, Campbell argued that the
ormer baseline was suitable for most emergy evaluations on short
ime scales (<10,000 y) and the later would only be relevant over
ong time periods (10, 000 y), when the slow movement of the
onﬁguration of the Earth’s continents might be great enough to
oticeably change the amount of tidal energy generated on Earth.
Campbell et al. (2005) revisited the planetary baseline, because
hree different emergy baselines were being commonly employed
y emergy researchers: (1) Odum’s 9.44 baseline (Odum, 1996),
2) Odum’s 15.83 baseline (Odum, 2000) or (3) Campbell’s 9.26
aseline (Campbell, 2000a), which is the 9.44 baseline corrected
y using a consistent method to establish both the transformity of
he tides and that of the Earth’s deep heat. Campbell et al. (2005)
ointed out that in using the method of setting up two equations to
olve for two unknowns, the various emergy baselines for the Earth
esult from using different conﬁgurations and combinations of the
hree main independent emergy sources operating the Earth’s geo-
iosphere to establish the equivalences between solar radiation and
he energy inﬂows of Earth deep heat and tides. These authors con-
luded that based on the state of knowledge at that time, more
han one baseline might be plausible and that emergy researchers
hould report the baseline used in all studies, and insure that all
ransformities in a study are expressed relative to that baseline.
Next, Campbell et al. (2010) examined the question, “Is the
mergy baseline for the Earth arbitrary?” They reviewed the argu-
ents as to why the baseline might be considered to be arbitrary:
1) the results of an emergy analysis are expressed relative to a
aseline and, all other things being equal, they do not change if the
aseline is changed (Odum, 1996); (2) in general, results relative
o any baseline can be converted into results relative to any other
aseline by multiplying the transformities used by the appropriate
onversion factor (Odum, 1996). However, they also pointed out
easons for concern, e.g., (1) the fact that several baselines exist
n the published literature makes it very likely that transformities
etermined using different baselines will be combined in a study
eading to errors in the results; (2) the role and importance of the
lanetary baseline and its effect on the transformities used in an
mergy study was not well understood by many scientists using
mergy methods at that time. Furthermore, the choice of the base-
ine itself can have a signiﬁcant effect on the values determined
or transformities when the baseline is adjusted to more accurately
etermine the emergy contribution to certain kinds of ecosystems
uch as coastal wetlands. For example, Lu et al. (2007) adjusted the
ransformities for river and rain water by removing tide from the
mergy baseline for these inputs to avoid double counting them
ith the tidal input to an intertidal marine ecosystem dominated
y Spartina, Suaeda, and mudﬂats. All baselines do not give the same
umber for the transformity of rain after it is adjusted to remove the
idal component, e.g., while the 9.26 baseline gives 15,724 sej J−1,. (4) Campbell (2000a) after Odum (1996).
the value is 13,735 sej J−1 after making this adjustment from the
15.83 baseline, a difference of 14.5% in the adjusted value relative
to the 9.26 baseline. These discrepancies and the importance of
insuring uniformity in the results of emergy analyses prompted
Campbell et al. (2010) to consider whether the planetary baseline is
indeed arbitrary and to further examine the evidence to determine
if there are reasons for preferring one baseline over another.
2.1.2. Critical examination of past baselines
Campbell et al. (2010) proposed two testable criteria for decid-
ing among baselines: (1) The implications of any valid baseline with
regard to the organizing power of the components of the baseline
must be consistent with observations of the complexity of observed
natural phenomena; and (2) baselines should conform to the princi-
ples of Energy Systems Theory or if not we should be able to explain
why these principles no longer hold true. One EST principle that
follows from the maximum empower principle (Odum, 1996) is
that the fractional contributions of the emergy inputs to a system
should represent the organizing power of those inputs over time
periods long enough for the system to adapt to its available energy
sources. Therefore; the complexity of the organization observed
in a system should be found to be proportional to the emergy of
the sources (inputs). The relative organizing powers of the primary
emergy inﬂows to the Earth system are indicated by their relative
contributions to the total emergy of the baseline. Table 1 gives the
expected relative organizing power of the various possible conﬁg-
urations of the inputs, thus far used to establish the equivalences
between solar radiation and deep Earth heat and solar radiation and
the energy of the tides. This table has been modiﬁed from Campbell
et al. (2010) to include the baseline of Brown and Ulgiati (2010).
A second principle of EST that can be used to judge the validity
of a baseline is the principle of energy quality matching, i.e., the
maximum empower principle (Odum, 1996) indicates that higher
quality (higher transformity) energy ﬂows will be matched with
lower quality (lower transformity) energy ﬂows to create ﬂows
of intermediate quality. Over the long run, this principle should
lead to both high and low transformity inputs contributing approx-
imately equal quantities of emergy (i.e., organizing power) to the
emergy of the output of the interaction and by extension to the sys-
tem as a whole7, thereby maximizing the empower gained from all7 The emergy matching principle has similarities to Liebig’s law of the minimum
in  that when the emergy contributed by both the low and high transformity inputs
to  a process is the same neither input is limiting and the process operates close to
the  optimum efﬁciency for maximum empower (Odum, 1996, p. 165).
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solar energy and the Earth’s deep heat ﬂow used in these models
incorrectly assumes that the gravitational forces of the Moon and00 D.E. Campbell / Ecologica
If these two criteria are valid, we have a method for testing the
alidity of any baseline by determining the complexity of the orga-
ization of structural phenomena on maps, where the observed
rganization is primarily caused by one of the three independent
nputs to the baseline. The results of this analysis can then be exam-
ned to see if the complexity measured is implied by the relative
roportions of organizing power (emergy) in the baseline.
.1.3. Calculation of the planetary baseline using the exergy of S,
, and G
Brown and Ulgiati (2010) updated the value of the
5.83 × 1024 seJ y−1 planetary baseline (Odum, 2000) by express-
ng the energy inﬂows to the Earth’s geobiosphere in terms of
vailable energy or exergy and by using more complete or more
ccurate estimates for the tidal and geothermal energy inﬂows,
espectively. They also reinterpreted the interaction of the Earth’s
eothermal energy sources driving geobiosphere processes such
hat the radiogenic energy sources in the crust were grouped
ith “crustal heat”, i.e., heat that was, in part, assumed to be of
olar origin, instead of with the deeper sources of Earth heat.
hey stated that this regrouping was necessary to apply different
arnot efﬁciencies (Table A4, note “d”) to the various heat ﬂows,
hich Odum did not include in his calculations. They used a
ystem of two equations and two unknowns to solve for the solar
ransformities of crustal exergy ﬂow and the tidal exergy inﬂow
ollowing Odum (2000). In both cases, the values of the various
vailable energy inputs to the equations are based on different
ata or manipulations of the data compared to those used by
dum (2000). Speciﬁcally, the equation used to solve for the
ransformity of “crustal heat” was restructured to separate the
eat from radioactive decay from other “crustal” sources. The
tructure of the second equation used to calculate the transformity
f the tides separates Odum’s category “deep Earth emergy” into
eat from radioactive decay and deep heat from the Earth’s core,
ecause different Carnot ratios apply to each of these ﬂows. They
sed a Monte Carlo analysis to characterize the uncertainty in
lobal heat ﬂows related primarily to the variability in estimates of
esidual heat ﬂow from the Earth’s core. Overall, Brown and Ulgiati
2010) took an important methodological step forward, because
hey made the calculation of the emergy baseline consistent with
dum (1996)’s deﬁnition of emergy in terms of available energy
r exergy ﬂows.
.1.4. Alternative accounting methods
There are many possibilities for structuring accounting meth-
ds to trace the ﬂows of available energy from their origins into the
arious products and services found in the geobiosphere, but so far
hese alternative accounting systems have not replicated the prop-
rties of Odum’s original method. For example, Chen et al. (2010)
ropose a system of accounting based on cosmic exergy or the
nﬂow of solar exergy to the Earth using the cosmic background
adiation (CBR) as the temperature of the reference environment.
owever, their system does not recognize that the planetary exergy
ows deriving from solar exergy are hierarchically organized and
s a result they assign an equal portion of the exergy inﬂow from
he sun to each of seven, second order planetary processes that
hey deﬁned. The Earth’s deep heat and the gravitational attrac-
ion of the Moon and Sun are not considered large enough to
nclude in their system of accounting, thereby discounting the
rinciple of energy quality. This approach allows accounting to be
erformed based only on the solar exergy input to the Earth, but
he properties of emergy as a universal accounting quantity are
ost.
Raugei (2013) proposed an alternative to the current methods
nd models (Odum, 2000; Campbell et al., 2010; Brown and Ulgiati,
010) that use 2 equations to solve for 2 unknowns in calculatinglling 339 (2016) 96–125
the equivalence between solar radiation and the available energy
of the tides and between solar radiation and the available energy
of the Earth’s deep heat. He saw an epistemological problem in
applying the emergy track-sum method to determine the plane-
tary baseline, because the production functions for obtaining the
exergy of the Earth’s deep heat and the exergy of tidal dissipa-
tion from solar radiation are unknown. Raugei’s solution to this
problem was  to use a “baseline vector”, in which the three fun-
damental quasi-independent inputs to the Earth, (solar, tidal, and
Earth heat exergy) were kept separate, and thus it is not neces-
sary to determine their equivalences. In his proposal, an input of
available energy to any product or service would be traced back
to its origins in one of the three components of the baseline vec-
tor. While this method is epistemologically consistent with the
track-sum method for calculating emergy, it has some signiﬁcant
disadvantages, not the least of which is that its adoption would
require the recalculation of all transformities and their expression
in a much more complex form, i.e., as a vector. Furthermore, the
ability to express the value of all products and services in terms of
a single uniﬁed unit, which is a fundamental advantage of environ-
mental accounting using emergy, is lost in the process of making
transformity a vector. However, Raugei’s insight is incorporated in
Brown and Ulgiati (2016) and in this paper through recognizing that
emergy baselines for the Earth must be quantiﬁed as solar equiva-
lent joules rather than as solar emjoules. While both Raugei’s and
Chen et al. ’s approaches are thought-provoking, they both sacriﬁce
fundamental properties of emergy accounting. Thus, they are not
viable solutions to the baseline question within the context of the
evaluation methods proposed by Odum (1996).
2.2. Reasons for recalculating the emergy baseline of the Earth at
this time
There are three reasons that make it necessary for us to recal-
culate the emergy baseline of the Earth at this time. The ﬁrst is
that there have been recent advances in our understanding of the
Earth’s geophysics (i.e., the view that the Earth formed as a cold
body with subsequent core differentiation, Sorokhtin et al., 2011).
This model provides a viable alternative to the currently accepted
model of Earth’s evolution (i.e., the view that the Earth formed as
a hot body with current residual heat ﬂux from the core), which
has been used in all prior calculations of the planetary baseline.
The second is that the Earth’s energy budget (Sclater et al., 1980) as
translated by Odum and Odum (1983), and as used to some degree
in all subsequent studies of the emergy baseline to date, contains an
error that makes the proposed model used to calculate the transfor-
mity of “crustal” heat ﬂow inconsistent with the geophysical data
on the Earth’s heat ﬂuxes. Third, the model used by Odum (2000)
to calculate the equivalence between solar energy and tidal geopo-
tential energy is formulated unrealistically in that it was assumed
that all three sources of available energy inﬂow (S, E, and G) are
coupled in a mutually necessary multiplicative interaction on the
time scale of one year, which implies that the available energy con-
tributions from all three inputs will have a signiﬁcant effect on
the output variable, the geopotential energy of the ocean. In other
words, the changes caused by the annual variations of the vari-
ables are expected to be within the same order of magnitude on the
timescale of the calculation. In addition, the relationship betweenSun play a substantive role in determining the deep heat ﬂow from
the Earth. The evidence supporting the need for calculating a new
emergy baseline for the Earth is examined in more detail in this
section
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.2.1. An alternative theory of the evolution of the Earth
A considerable amount of uncertainty exists with regard to the
urrent heat budget of the Earth (Anderson, 2005; Mareschal et al.,
012). This uncertainty has centered on ﬁnding and quantifying
eat sources with enough heat ﬂow to balance the observed total
eat loss from the Earth’s surface. These sources are the decay of
adioactive elements in the Earth’s crust and mantle, secular cool-
ng of the Earth’s mantle, and heat ﬂux from the core (Mareschal
t al., 2012). Residual heat ﬂux from the core implies a hot origin for
he Earth, which is the dominate paradigm of the Earth’s formation
sed by many geophysicists today.
Recently, a group of Russian scientists (Sorokhtin et al., 2011)
ave published a comprehensive treatise on the evolution of the
arth. Drawing on the earlier proposals of Schmidt (1946) and
uncorn (1962, 1965), Sorokhtin et al. (2011) make a convinc-
ng argument for a cold origin of the Earth based on one physical
oncept and two assumptions. The physical concept, which has
een thoroughly reviewed (Wetherill, 1990), is that the Earth was
ormed approximately 4.6 billion years ago as the result of the
omogenous accretion of a gas and dust cloud, the proto planet
Schmidt, 1958; Safronov, 1969). The ﬁrst assumption is that the
oung Earth had a uniform composition with neither a dense core
or a light crust. To support their hypothesis that the young Earth
as a cold body, they cite evidence that the oldest rocks found on
arth are 600 to 800 million years younger that the probable age
f the Earth. Since relatively high temperatures and melting are
equired for rock formation, this implies that the Earth was a cold
ody for the ﬁrst 600 to 800 million y. In contrast, the oldest igneous
ocks from the lunar crust are 4.6 to 4.4 billion years old, which is
vidence that the interior of the moon was originally in a hot or
elted state. The second assumption follows from the fact that the
hemical composition of the primordial Earth would have deter-
ined its endogenous potential energy. In this regard, Sorokhtin
t al. (1971) proposed that the outer core of the Earth is now com-
osed of a eutectic alloy of iron and iron oxide, i.e., the oxide of
nivalent iron, and the inner core is composed of an iron-nickel
lloy. Under these conditions, they determined that the primordial
arth would have been composed of about 13% free (metallic) iron
nd 22–24% bivalent iron oxide distributed throughout the Earth’s
riginal mass. Sorokhtin et al. (2011) observe that thermodynamic
rinciples dictate that the largest contributions to the Earth’s evolu-
ion will be from processes that lower to the minimum the internal
otential energy of the Earth and of the Earth–Moon system as a
hole. They further observe that the heat released from these pro-
esses is eventually lost to outer space and thus the evolution of
he Earth and of the Earth–Moon system is irreversible. Under this
eologic scenario, the main planetary process controlling the evo-
ution of the Earth will be the chemical-density differentiation of
he Earth’s original homogenously distributed matter. According to
orokhtin (1974), this process along with a close encounter with the
oon at or near the Roche limit8, which generated enough heat to
elt iron and begin the initial separation and growth of a dense iron
xide core and the development of chemical-density driven circu-
ation (i.e., convection) in Earth’s silicate shell (i.e., the mantle). For
ore details on the mechanisms and progress of core formation see
orokhtin et al. (2011).
Following this theory, at present, 90% of the endogenous energy
eleased from the Earth can be accounted for by chemical-density
ifferentiation, a little less than 10% by the decay of the remaining
adioactive elements and about 1% from tidal deformations of
he Earth’s body. The ability of the cold body model to generate
8 The Roche limit is the minimum distance to which a satellite can approach its
rimary body without disintegrating due to the gravitational forces of the larger
ody overcoming its own  cohesive forces.lling 339 (2016) 96–125 101
sufﬁcient heat to account for current heat losses is in contrast to
the aforementioned problems in ﬁnding sufﬁcient heat sources to
account for current losses using the hot body model.
2.2.2. Errors in and clariﬁcations of the existing calculations
Several improvements in the calculation methods have been
made over the course of the evolution of scientiﬁc thought on the
baseline, as recounted above. While the numbers and models used
in the calculations have been examined and modiﬁed by Brown
and Ulgiati (2010), remaining conceptual and factual errors will be
elucidated in this section.
2.2.2.1. Clariﬁcations and errors in the calculation of the transformity
of the tides. Brown and Ulgiati (2010) updated the information on
tides used in the baseline calculation based on Munk and Wunsch
(1998), but some clariﬁcations are still needed based on their inter-
pretation of the data. First, there is no increase in measurement
accuracy between the numbers reported by Munk and Macdonald
(1960) and used by Odum (1996) and those reported by Munk and
Wunsch (1998), since the energy supplied by the major semidiur-
nal lunar component, M2, is the same in all cases. It was not better
measurement methods, but rather an expansion of the estimate
to make it more comprehensive that was the main reason for the
larger number for the total tidal energy dissipated in Munk and
Wunsch (1998) compared to Odum (1996).
Furthermore, Odum (1996) used data from Miller (1966), who
estimated a value of 1.7 TW (1.65 TW in Odum) for the total dissipa-
tion of lunar tidal energy in shallow seas. Odum assumed that this
was the available energy required for generating tidal currents in
the shallow seas, and thus he could apply a transformity for currents
in the Mississippi River mouth as a surrogate for tidal currents
in determining the planetary baseline as described above. In this
study, the tidal energy dissipated in the world oceans (3.5 TW)  is
the portion of the total tidal energy ﬂux (3.7 TW)  that is directly
related to the creation of the geopotential energy of the oceans
(Munk and Wunsch, 1998). This number is different from Brown
and Ulgiati (2010) who  used the total tidal energy dissipation for
the whole Earth, i.e., including the Earth tide (3.7 TW). The total
tidal energy dissipation estimate of Munk and Wunsch (1998) is
124% (3.7 TW/1.65 TW)  greater than that used by Odum (1996).
Two  additional problems with the information used to calculate
the solar transformity of the tides in past studies are related to the
original number for the geopotential energy of the world oceans
taken from Oort et al. (1989) and its use in Campbell (1998) and in
subsequent calculations of the baseline. First, this number is a stock
of available energy and not a ﬂow, and thus a turnover time must
be applied to calculate the annual ﬂow of available energy. This fact
was recognized by Campbell (1998) and Odum (2000) and in their
work the turnover time was assumed to be 1 year. Oort et al. (1994)
give enough information to make an estimate of the turnover time
of the geopotential energy in the world oceans. Second, the num-
bers given in Oort et al. (1989) refer to the oceanic geopotential
energy generated in a world with ice-free polar oceans rather than
in the ice-covered oceans present today and the analysis only quan-
tiﬁes the solar generated geopotential energy of the oceans, thus
areal extent of stratiﬁcation in the world oceans must be corrected
and the geopotential of the tidal energy added to the estimates in
Oort et al. (1989) to estimate the total geopotential energy gener-
ated and dissipated annually in the world oceans, which is not the
formulation used in past calculations. These relationships are con-
ﬁrmed in a later paper (Oort et al., 1994) from which the numbers
used in this paper are drawn.2.2.2.2. Errors in prior calculations of the solar transformity of crustal
heat. There is a substantial error in Odum and Odum’s (1983)
calculation of the energy budget of the Earth, which has been
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erpetuated to some degree in all subsequent calculations. This
rror resulted from a misinterpretation of Sclater et al. (1980)
nd it led to a conceptual and a numerical error in the calcula-
ion of the solar equivalence of the deep Earth heat ﬂow. In the
bstract of Sclater et al. (1980, p. 294), the total heat loss from
he Earth is given as 42 TW (41.94 TW)  based on a total heat loss
rom the surface of the Earth of 1002 × 1010 cal s−1, which was
ivided into three components: heat loss from convective pro-
esses, conduction through the lithosphere, and radioactive decay
ithin the continental crust. Sclater et al. (1980) attribute about
/3 of the heat loss to convection assuming that 1/2 of the heat
ow from the youngest crust derives from magmatic activity. How-
ver, this convective loss was not considered in the heat budget
onstructed by Odum and Odum (1983); instead this loss was
ttributed to heat generated from various inputs of solar origin,
.g., the work of rain, wind and sun in eroding the Earth’s sur-
ace, the burial and compression of sediments with their chemical
otentials.
Odum and Odum (1983) calculated the conductive heat loss
rom data in Sclater et al. (1980) by averaging the range of
eat ﬂows for the continents (0.4–0.75 × 10−6 cal m−2 s−1) and
he oceans (0.6–0.9 × 10−6 cal m−2 s−1) and prorating by the area,
ssigning 71% to the oceans and 29% to the continents, assum-
ng 3.154 × 107 s y−1, 5.14 × 1014 m2 for the area of the Earth and
.186 J cal−1 to give 4.744 × 1020 J y−1 for the global heat loss
rom conduction9. Although this number was for conduction only,
dum and Odum (1983) assumed that it was the total contribu-
ion of the mantle to heat loss (i.e., conduction plus convection).
he number for total heat ﬂow is accurate based on total heat
oss reported by Sclater et al. (1980), but given 4.186 J cal−1 and
.154 × 107 s y−1, the number should be 13.23 × 1020 J y−1 instead
f 13.21 × 1020 J y−1. The number for radioactive heat production in
he crust, 1.98 × 1020 J y−1 or 15% of the total heat loss is the same
s in Sclater et al. (1980). The remaining heat ﬂow, 6.49 × 1020 J y−1
r 49% of the total heat loss, using Odum’s uncorrected number
s within the margin of error for these calculations. For example, if
he minimum value for conductive heat ﬂow from the continents is
sed, i.e., 0.6 × 10−6 cal m−2 s−1; convective processes account for
/3 of the total heat loss (Sclater et al., 1980). The “missing” heat
ow, 6.49 × 1020 J y−1, was attributed by Odum and Odum (1983)
o the work of solar energy on the Earth’s surface, instead of to
onvective processes as intended by Sclater et al. (1980) and this
rror has been passed forward in all subsequent calculations up to
rown and Ulgiati (2010)’s reexamination of the Earth’s heat bud-
et and reformulation of the equations to apply Carnot ratios to the
ifferent sources of heat. Even though Brown and Ulgiati (2010)
eformulated the two equations used by Odum (2000) and rede-
ned and added uncertainty bounds to the sources of heat, they
id not discuss the underlying error in Odum’s original calculation.
It is easy to verify that attributing such a large available energy
ow (6.51 × 1020 J y−1 using the corrected value) to erosive pro-
esses and the burial of organic matter from the Earth’s surface
ust be an error, since the available energy dissipated by erosion of
he continents is on the order of 1017 J y−1 (Wilkinson and McElroy,
006) and around 0.1 Gt of carbon is buried in the world oceans
ach year http://soilcarboncenter.k-state.edu/carbcycle.html or
 × 1018 J y−1 assuming carbon is 50% of dry weight, dry weight
9 For the sake of accuracy, we  observe that Odum and Odum (1983) report on page
79 that they used 0.6 × 10−6 cal m−2 s−1, for the heat ﬂow from the mantle to the
rust, but the actual number used in the calculation was the average mentioned in
he text, 0.69925 cal m−2 s−1. Such minor errors often appear in pioneering work and
re  to be expected; however, the baseline is used in a relativistic manner in emergy
valuations. Thus, the value of having an approximate, agreed-upon baseline far
utweighs minor errors made in determining the baseline’s exact value.lling 339 (2016) 96–125
contains 5 kcal per g and that there are 4186 J kcal−1 http://nefsc.
noaa.gov/publications/crd/crd0615/pdfs/2.pdf. Thus, solar energy
sources can account for less than 1% of the energy needed to bal-
ance the Earth’s heat budget in this quick calculation. Since both
the model and the data used to establish equivalence between the
Earth’s heat ﬂow and solar energy are inconsistent with what is
known of the Earth’s heat budget and the operation of geologi-
cal processes, clearly a new calculation of the planetary baseline
is warranted, if only for the sake of increasing the accuracy of the
estimate.
2.2.3. Characteristics and applicability of the models used to
determine the equivalences
Since it has been demonstrated that a new calculation of the
emergy baseline is warranted based on errors in data translation
and interpretation, the pros and cons of the models that have been
used to establish these equivalences are now considered. In the
original calculations (Model 1) of Odum and Odum (1983), the
equivalence between solar radiation and the deep heat ﬂow from
the Earth relied on establishing the fraction of the total deep heat
ﬂow generated by the work of solar energy on the Earth’s surface
by taking the difference between estimates of the heat ﬂow gener-
ated by processes within the Earth and the total heat outﬂow at the
surface. Once this value was obtained the solar transformity of the
solar fraction of the total Earth heat ﬂow could be calculated and
then a transformity for the remaining Earth heat ﬂow imputed by
the transitive property of equalities, assuming that all Earth heat
ﬂow is equivalent regardless of its origin. This is an elegant method,
but the actual calculation was marred by errors in the magnitude
of the solar derived ﬂows and in the interpretation of the Earth’s
heat budget as pointed out above.
In applying the solar equivalent energy baseline of the Earth as
the basis upon which all calculations of transformities of emergy
ﬂows on the planet can be made, the Earth’s geobiosphere and
its subsystems, e.g., atmosphere, oceans, crust, are considered to
be one system composed of mutually necessary, coupled sectors
(Odum, 1996, Fig. 3.2). In this view, the Earth can be represented
as an interaction of closed loops in which each component inter-
acts with the others and each ﬂow in the aggregated system is a
by-product of the other interacting ﬂows (i.e., the outputs of each
sector are co-products). In such a system all of the solar equivalent
energy ﬂowing into the system is required for all of the ﬂows within
the system. The total inﬂowing to the geobiosphere is that carried
by the available energy of solar radiation, the gravitational attrac-
tion of the Moon and Sun and the heat ﬂow from within the Earth.
This logic is used by Odum (1996) to relate all secondary, tertiary,
and higher ﬂows of available energy on Earth to their base in the
three primary planetary inputs.
Odum (2000) used this logic in structuring (Model 2), the
system of two  equations and two  unknowns that he used to
solve for the equivalence between solar radiation and tidal energy
and between solar radiation and the deep heat ﬂowing from the
Earth. While this method is mathematically eloquent and draws
upon the eigenvalue method of determining transformities (Collins
and Odum, 2000), it is now apparent that these models are too
highly aggregated in time to accurately reﬂect the Earth processes
responsible for generating the annual production of a particular
product, e.g., plate movements or the annual elevation of the ocean
surface.
Over long time scales, at a high level of aggregation, an argu-
ment can be made that coupled multiplicative interactions of all
geobiosphere components will develop, i.e., the Earth system will
be composed of a completely coupled, mutually necessary set of
components. However, such close multiplicative coupling among
all of the inﬂows of available energy often is not observed, when
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he details of a particular physical process or annual production
unction are considered (Model 3). For example, both the net effect
f heating and fresh water inﬂow cause a decrease in the density of
cean surface waters and these two effects, both of which result in
n elevated water surface, are additive. Multiplicative effects may
lso occur, such as the interaction of wind and storms in deliver-
ng freshwater inﬂows to the ocean surface and some inputs such
s heating have both positive, e.g., stearic expansion, and negative,
.g., the loss of water through evaporation causing an increase in
alinity and density, effects on surface water density (Wijesekera
nd Boyd, 2001). Similarly, the gravitational pull of the Moon and
un causes the level of the sea to rise and fall, thereby creating
eopotential energy in the world oceans that adds to that created
y solar heating and fresh water inﬂow. In contrast, the heat ﬂow
hrough the ocean bottom is about 0.001 that of the input from
he sun, and it heats the entire water column from the bottom up,
aising the entire mass of the ocean a tiny amount through bulk
eating, but adding nothing to the annual creation of geopotential
f the oceans.
Completely connected models (Model 2) like the one shown
n Odum (1996) and in Brown and Ulgiati (2010) represent the
arth at a high level of aggregation that may  exist on long time
cales. For example, if the time scale of the geopotential energy
valuation is extended to a period of 10 million years; thereby
llowing for a movement of about 500 km in the position of the con-
inents at the rate of 5 cm of continental drift in a year (Conrad and
ithgow-Bertelloni, 2007), the resonant frequencies of the global
idal harmonics may  change either increasing or decreasing the
fﬁciency of the conﬁguration of the Earth’s continents in produc-
ng tidal energy (Kagan, 1997). Such changes in the conﬁguration
f the continents are thought to be cyclical (Sorokhtin et al., 2011);
owever, the efﬁcacy of the continents in producing tidal emergy
s effectively constant on time scales of 10,000 years or less (move-
ent of <0.5 km)  and thus the movement of the continents would
e negligible (∼0.00005 km)  over an annual cycle of the creation
f geopotential energy in the oceans. However, over the history of
he Earth, since the formation of the world’s oceans, the gravita-
ional attraction of the Moon and Sun has produced large changes
n the generation of geopotential energy in the world oceans due to
he changing tidal harmonics on the Earth’ surface. In addition, the
oon may  have played an indispensable role in the generation of
arth heat ﬂow by initiating formation of the Earth’s core through
he gravitational energy dissipated as heat in a close encounter of
he Moon with the Earth near the Roche limit (Sorokhtin et al.,
011).
On geologic times scales, a completely coupled model (Model 2)
ith mutually necessary inputs may  be a valid model of the inter-
ction of solar, tidal, and deep heat ﬂow driving the geobiosphere;
owever, the interaction of the forces driving annual production
rocesses is not well represented by the slowly changing forces
perating in completely coupled multiplicative formulations. In
able 1, both the models using a completely coupled system give
nconsistent results. Brown and Ulgiati’s model shows that the tide
s twice as important as the sun in the emergy base of the Earth;
hereas, Odum’s model indicates that the Earth heat ﬂow is twice
s important as the sun and the tide. Both models using only two
lements to evaluate the tidal emergy found that tides contribute
bout a third of the emergy that the sun and the Earth heat ﬂow
ontribute, which is similar to the result found by Odum (1996) for
he 9.44 baseline. The ﬁnal formulation with S, G and E contributing
o the generation of oceanic geopotential energy shows that tidal
nergy is about 2/3 as important as the sun and Earth heat, but as
rgued above this formulation is not physically reasonable for the
eneration of geopotential over a year. Therefore, all models formu-
ated using the “two equations and two unknowns” method appear
o give unreasonable or inconsistent results. For this reason, in thislling 339 (2016) 96–125 103
study, the calculation method has been simpliﬁed to apply the tran-
sitive property of equalities to evaluate single physical processes
to which two of Earth’s independent exergy sources contribute in
a physically meaningful way  and for which such equivalences can
be calculated, at least as a reasonable ﬁrst order approximation.
Nevertheless, the assumption that the Earth’s geobiosphere is
a completely connected system is still valid, when viewed over
the long run, i.e., over a time period sufﬁcient for the Earth sys-
tem as a whole to adapt to changes in its exergy inﬂows. Even in
the short run, all three quasi-independent inputs of solar equiv-
alent energy to the Earth are directly or indirectly coupled to all
the others, although the coupling is not always multiplicative on
the annual time scale, e.g., Odum (1978) shows a more detailed
model of the global geobiosphere with additive as well as multi-
plicative interactions among the ﬂows and processes. Thus, from
this perspective, the entire baseline is required for the system that
produces any product or service on the scale of the entire planet.
For this reason, the planetary baseline effectively represents the
solar equivalent joules required for Earth’s secondary (e.g., rain and
wind) available energy ﬂows and these, in turn, are concentrated
into the tertiary available energy ﬂows (e.g., waves, currents, etc.)
that are expressed as emergy ﬂows (sej y−1).
3. Methods
In this paper, detailed models of two Earth processes are used
to calculate the equivalences between the exergy of solar radi-
ation and the exergy of the Earth’s deep heat and between the
exergy of solar radiation and the available energy dissipated from
the tidal geopotential energy of the oceans. This study follows
Brown and Ulgiati (2010) in quantifying the exergy driving pro-
cesses within the Earth system (i.e., the geobiosphere). However,
different choices have been made with regard to certain bound-
ary conditions. For example, the exergy of an input to the Earth,
e.g., solar radiation, is a function of the ground or background state
chosen for the calculation. In this paper, the temperature of the cos-
mic  background radiation (CBR) outside the Earth’s atmosphere is
the temperature of the background state against which the order
and organization of the Earth system as a whole are created (Chen,
2005), whereas Brown and Ulgiati (2010) used the surface temper-
ature of the Earth.
This study relies on Sorokhtin et al. (2011) for much of the back-
ground data needed to make the historical calculations presented
in this paper. As discussed above, Sorokhtin et al. (2011) present a
cold body approach to explaining the evolution of the Earth that
differs from the currently accepted theory in the West, the hot
body theory (see Section 2.2.1). However, the cold body theory
is able to account for some deﬁciencies in the explanatory power
of the hot body theory and Sorokhtin et al. (2011) support their
theory with many calculations and cite supporting empirical evi-
dence in a compelling manner. They also include a detailed record
of almost all of the variables needed to calculate the components of
the planetary baseline over the periods of the Earth’s history exam-
ined in this paper. Because data from Sorokhtin et al. (2011) were
used for the historical analysis (see Appendix A) and averaged data
from contemporary studies of the Earth’s heat budget and from
other sources were used to evaluate present Earth processes (see
data in the tables presented in the text), there will be some dif-
ferences in the numbers presented for the same processes in the
historic and contemporary analyses. Therefore, one cannot makenote that energy data will be presented both as terawatts (TW) and
as joules (J) as appropriate to past and present descriptions of the
data. Terawatts can be converted to joules per year by multiplying
by 1.0 × 1012 J TW−1 and then by 3.1557 × 107 s y−1.
1 l Modelling 339 (2016) 96–125
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Fig. 1. Energy Systems Language (ESL) models of the generation of the geopotential
energy of the world oceans. (A) The present world with ice-covered, polar oceans; (B)
The  world prior to 3.4 × 107 BP without ice-covered, polar oceans (see Table A1 and
Fig. 4). ESL symbols from Odum (1994) are deﬁned as follows: Circles are sources of
emergy, bullet symbol is a production function, tank is a storage of potential energy,
large box represents the system boundaries, and the small boxes are the sites of
available energy dissipation, which leaves through the bottom of symbols (i.e., the
gray lines going to the heat sink or ground symbol). Numbers in red bold text are
emergy and the numbers in black plain text are available energy. (For interpretation
of  the references to color in this ﬁgure legend, the reader is referred to the web04 D.E. Campbell / Ecologica
.1. Emergy methods and modiﬁcations
The methods used in this study follow the guidelines in Odum
1996) for emergy evaluations and draw on the principles of EST
escribed in Odum (1994). However, the track-sum method com-
only used for determining the emergy of a quantity was not
pplied to the problem of establishing an emergy baseline for
he Earth, because the production functions for the three quasi-
ndependent inputs of available energy to the Earth system were
ot known. Thus, it was not possible, given our current state of
nowledge, to employ the usual method of tracking and summing
ll necessary inputs of available energy to calculate the solar trans-
ormity of the available energy ﬂows generated by deep Earth
eat and the gravitational attraction of the Moon and Sun. How-
ver, the principles of logic can be employed to estimate these
elationships (Odum and Odum, 1983 and above). The difﬁcult
ccounting problem of establishing equivalences between the three
uasi-independent available energy inﬂows to the Earth can be cir-
umvented by applying one of the oldest principles of logic —the
ransitive property of equalities, or Euclid’s Axiom, i.e., two things
qual to a third thing are equal to each other. To apply this method,
t is necessary to ﬁrst choose two real processes to which both solar
adiation and one or more of the other primary inputs contribute
n making something that is effectively the same product.
.2. Energy systems language models
The ﬁrst step in performing an emergy evaluation is to construct
n Energy Systems Language (ESL) diagram (Odum, 1971, 1994) of
he system or systems of concern. The ESL model gives a conceptual
verview of what is required to answer the address the problem
r answer the question of concern. Therefore, the following two
uestions: “What is the equivalence between solar exergy and the
xergy of deep heat ﬂow from the Earth?” and “What is the equiva-
ence between solar exergy and the geopotential exergy dissipated
n the world oceans?” were answered by constructing ESL models
f the Earth systems responsible for generating the tectonic activity
f the Earth and the geopotential energy of the world oceans.
.2.1. ESL model to evaluate the generation of geopotential
nergy in the world oceans
To evaluate the global processes creating the geopotential
nergy of the world oceans, ﬁrst, the ocean geopotential energy is
ssumed to be the same regardless of how it is created. i.e., oceanic
eopotential energy is the same regardless of its source. Thus, the
eopotential energy of the world oceans generated by solar exergy
as considered to be identical with the geopotential energy of the
orld oceans generated by the gravitational attraction of the Moon
nd Sun in terms of the potential to do work, despite the fact that
he generation processes are different and different work might be
one by the different sources. The exergy of the tides is the same
s the gravitational potential energy generated by the height dif-
erence between high and low tide over a year (Brown and Ulgiati,
010; Hermann, 2006). The exergy of the solar part of the geopoten-
ial energy of the world oceans was calculated in Oort et al. (1989),
ho chose the equipotential surface at the mean ocean depth of
3750 m as the reference level (Oort et al., 1989)10.
Next, an ESL diagram of the system generating geopotentialxergy in the world oceans is drawn (Fig. 1). In this model solar
xergy, S, and the exergy of the tides, G, interact to create the
otal geopotential of the world oceans over a year. In the model,
10 Note that the geopotential energy of the world oceans is the same as the geopo-
ential exergy of the world oceans, since both are measured relative to the same
round state.version of this article.)
the amount of geopotential exergy generated by the sun and tides
is also a function of the exergy driving plate tectonics, E, over
106–107 y, i.e., a 50 to 500 km translation in the position of the con-
tinents for an average rate of movement of 5 cm y−1 (Conrad and
Lithgow-Bertelloni, 2007). For example, the amount of geopotential
energy of the oceans generated from solar exergy was  larger in the
past, when the world was without ice-covered polar oceans (Oort
et al., 1994). Antarctic ice sheets had developed by 34,000,000 y BP
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ith small ephemeral ice sheets forming as early as 37,000,000 y BP
Zachos et al., 2001). For this reason, the model for the generation
f the solar portion of the ocean geopotential exergy is divided into
wo states, one for a world with ice-covered polar oceans (Fig. 1A),
hich was assumed to be present from 34,000,000 y BP to the
resent and a second without ice-covered polar oceans (Fig. 1B),
hich applies to the Earth prior to 34,000,000 y BP. These two global
tates are represented in Fig. 1A and B, respectively, by two  con-
tant coefﬁcients, k1, representing the geopotential energy created
n a global ocean with polar ice, and k2, for an ocean without ice-
overed polar oceans. In addition, the model in Fig. 1 includes a
ariable coefﬁcient, kv, which only varies meaningfully over very
ong time periods, e.g., 106–107 y. This coefﬁcient represents the
lowly changing position of the continental land masses that results
n a slow change in the tidal resonance properties of the conﬁgu-
ation of the land masses on the surface of the Earth (Kagan and
aslova, 1994). These slow gradual changes in the position of the
ontinents can result in a decrease or an increase in the tidal exergy
enerated based on the effects of the conﬁguration of the continents
n the tidal resonance properties of the system (Kagan, 1997). Both
he movements of the continents and the opening and closing of
olar oceans are largely controlled by the deep Earth exergy ﬂows
riving plate tectonics as represented by E in Fig. 1.
The models in Fig. 1 were evaluated based on studies of the
eopotential energy dissipated annually from solar sources11 (Oort
t al., 1989, 1994) and from data on the tidal energy dissipated in
he world oceans (Munk and Wunsch, 1998). The transitive prop-
rty of equalities (if a = b and b = c; then a = c) was  applied by taking
he ratio between the solar exergy absorbed on the Earth’s surface
nd the ocean geopotential exergy generated from solar sources
nd dissipated annually. The solar transformity of the geopoten-
ial exergy generated from solar exergy and dissipated annually
n the world oceans (a) was determined from Oort et al. (1989,
994). Assuming that the geopotential exergy dissipated in the
orld oceans (b) is the same regardless of source, so that the trans-
ormity of the oceanic geopotential is the same as that of the solar
art of the total (a = b). In addition, the gravitational attraction of
he Moon and Sun also forms oceanic geopotential energy that is
issipated annually by the tides and has transformity (c = b). The
ransitive property of equalities can be applied to establish equiv-
lence between solar exergy and tidal exergy. Note that the solar
ransformity of the tidal geopotential exergy dissipated in the world
ceans (c) is effectively equal to the solar transformity of the solar
enerated geopotential exergy dissipated in the world oceans (a)
ecause both are equal to the transformity of geopotential energy
n the oceans (b), i.e., a = b, c = b, therefore a = c).
.2.2. ESL model to evaluate the Earth cycle
A second global process, the Earth Cycle12 was chosen for eval-
ation to determine the equivalence between solar exergy and the
xergy of deep heat ﬂow from within the Earth, i.e., speciﬁcally
he heat ﬂow from within the Earth responsible for tectonic pro-
esses moving the crustal plates (Sorokhtin et al., 2011) and also
upporting isostatic adjustment of the continents through buoy-
ncy mechanisms. Fig. 2 shows a model of the Earth Cycle, which is
11 Density is lowered by the effects of solar heating on the surface waters and by
resh water inﬂows from continental runoff and rain, thus creating the solar portion
f  the oceanic geopotential energy.
12 In Odum (1996), Earth Cycle refers to the cycle of erosion and isostatic adjust-
ent without change in elevation. In contrast, uplift and subsidence are driven by
late movements colliding with continents and by subduction of plates beneath
hem. In this paper, we use the term “Earth Cyclet¨o refer to both processes, because
he  Earth’s heat or “deeph¨eat gradient contributes to driving convective ﬂows to
ove plates and to the heat needed to support the mantle density, which determines
he  buoyant uplift balancing erosion.lling 339 (2016) 96–125 105
driven by the heat gradient between the mantle and the crust and
by the operation of solar exergy on the Earth’s surface as heating
and cooling and through the hydrologic cycle. The symbols on Fig. 2
identifying the forcing functions (circles), components (tanks and
the bullet symbol) and pathway ﬂows (lines ending in arrowheads)
are deﬁned in Table 2 and in the caption of Fig. 2. The forcing func-
tions include solar exergy operating on the surface of the Earth (S),
the exergy of the gravitational attraction of the Moon and Sun (G)
and exergy of the heat ﬂow from deep within the Earth dissipated
in uplift from isostatic processes and plate movements (pathway
ﬂows h3 and h4, respectively). Components in the model include
the Earth’s mass divided into four major compartments: oceanic
(OC) and continental (CC) crust, the mantle (M), and the core (C).
Storages of the remaining mass of radioactive elements (the Ri’s)
and heat (the Hi’s) are shown within each of the 4 compartments.
The remaining gravity-chemical potential energy (GCM) stored in
the mantle (Sorokhtin et al., 2011) is shown along with the ﬂows of
used energy going to the heat sink, the hi’s. The gradient between
the average temperature of the mantle (TM) and the temperature of
the crust at the ocean bottom (TOC) deﬁnes the heat gradient driv-
ing plate tectonic processes and multiplying the resulting Carnot
ratio by the deep Earth heat ﬂow driving plate movements gives
the exergy dissipated to drive uplift caused by both plate move-
ment and isostatic processes (h3 + h4)13. Gravitational attraction,
G, acting as the Earth tide is a “body” force that increases heat in all
compartments, but does not contribute to the heat gradient, per se.
The dissipation of the exergy of the ocean tide is not shown here, but
since it supplies heat at the surface of the Earth, it will not increase
the heat gradient driving tectonic processes, i.e., H, where H is the
heat ﬁeld driving convection.
This evaluation of the solar equivalence of the exergy of deep
Earth heat relies on the underlying assumption that over geologic
time the rates of all uplifting tectonic processes, including uplift
to maintain isostatic equilibrium and uplift by mountain-building,
must be balanced by erosional losses (Wilkinson and McElroy,
2006; Verhoogen, 1980). The fact that the average elevation of the
continents has been stable over the past billion years (Sorokhtin
et al., 2011) indicates that this is a reasonable assumption. On one
hand, the energy dissipated in erosional losses is fairly easy to cal-
culate, since the energy released is simply that of a mass m, falling
through a distance, h, under the acceleration of gravity, g, so the
potential energy dissipated is U = gmh. On the other hand, the total
work against gravity required to raise a body of sedimentary rocks
from below sea level to the average height of a mountain range and
to displace a sufﬁcient amount of heavier mantle rock to serve as
the mountain’s root is more difﬁcult to determine without detailed
information on the density structure of the mantle and crust before
and after the event (Verhoogen, 1980). To avoid this difﬁcult cal-
culation, the energy dissipated in uplift is assumed to balance the
energy dissipated in erosion over long time periods.
To avoid the confounding effects of agricultural erosion on the
estimate of the long term condition of the Earth Cycle, the value
used for the continental mass eroded in the present time was  esti-
mated from the sediments carried to the sea by large rivers during
the Pleistocene (Wilkinson and McElroy, 2006). In this case, a vari-
ation of Euclid’s principle is used to estimate the solar transformity
of the exergy of deep Earth heat exergy dissipated in driving tec-
tonic processes by ﬁrst calculating the solar equivalent energy of
the available energy dissipated by land erosion (a) and noting that
the available energy dissipated in annual land erosion (b) is equal
to the available energy of the Earth’s deep heat driving the tectonic
13 By assumption, all of the heat ﬂow driving tectonic processes is required for the
uplift caused by plate motion and isostatic adjustment, even though other processes
may  be driven by the same heat ﬂow.
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Fig. 2. Energy Systems Language (ESL) model of solar energy and deep Earth heat ﬂows driving the tectonic processes of the Earth Cycle. See Table 2 for deﬁnitions of the
model  components and pathways (e.g., h3 + h4 is the heat driving isostatic and tectonic processes from Table 7, note b). In this ﬁgure, “eeJ” stands for Earth heat equivalent
joule.  The pointed arrows are interaction symbols, for multiplication and division (Odum, 1994); converging ﬂows are addition; the Carnot ratio is represented by the
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rocess with respect to the equivalence of the work done in the
arth Cycle, i.e., exergy dissipated in eroding a mass is assumed to
e equal to the exergy dissipated in uplifting an equivalent mass.
n this case, the solar transformity of the work of erosion (a/b) is
qual in effect to the Earth heat equivalence of the work of uplift
c/b). Then the solar emergy equivalence of Earth heat equivalent
oules (eeJ) is given by (a/c), where the available energies of uplift
nd erosion cancel to give the solar equivalent energy per unit of
vailable energy in deep Earth heat ﬂow (seJ J−1). To make this cal-
ulation possible, the processes of erosion and uplift are assumed
o be separable and solar exergy is assumed to be entirely respon-
ible for erosion and the Earth’s deep heat ﬂow (i.e., the total heat
ow supporting plate tectonics and isostasy) is entirely responsible
or uplift. These two assumptions may  be plausible for a 1st order
nalysis, even though the two processes are coupled.
.2.3. Calculation of the emergy baseline of the Earth
Once the solar transformities for the tidal exergy dissipated in
he world oceans and exergy of deep heat ﬂow driving the Earth
ycle are determined, the planetary baseline of the Earth can be
alculated by multiplying the values of the solar transformities of
un, tide, and deep Earth heat by the appropriate values for the
olar, tidal and deep heat exergy ﬂows received by the geobio-
phere, annually, which were determined by evaluating the models
hown in Figs. 1 and 2 (see Section 4).
.3. Methods for historical reconstruction of the planetary
aseline
Because of the importance of the planetary baseline and the
eed to decrease uncertainty with regard to its value, searches wererust, M,  mantle, C, Earth’s core. R designates storage of radioactive elements and H
s generating heat is occurring on the pathway. Numbers in red are emergy and the
performed for studies that would allow construction of the emergy
baseline of the Earth over a long period of time to better understand
its variability. To obtain estimates of the solar transformity of the
exergy of the ocean tides and tectonic processes of the Earth, the
same models and methods that were used above to determine the
present values of the exergy ﬂows and their equivalences were used
to ﬁnd the past equivalences between solar exergy and the exergy
of the ocean tides and Earth deep heat ﬂow. The methods used to
determine the historical inﬂows of solar radiation, the Earth’s deep
heat, and tidal geopotential energy follow.
3.3.1. Method of estimating solar radiation over time
The historical values of solar radiation arriving at the top of the
Earth’s atmosphere and on the Earth’s surface were determined
from data on luminosity relative to the present time from the time
at which the sun entered the main sequence of stars, 0.031 × 109 y
after formation, to 6.5 × 109 y in the future (Sackmann et al., 1993).
The available solar energy received at the top of the atmosphere and
absorbed at the Earth’s surface were determined from the luminos-
ity data as well as data on the temperature of the sun (Sackmann
et al., 1993), assuming that the temperature of the CBR remained
unchanged at 2.725 K. The surface temperature on the Earth has
not been constant over geologic time and this condition may  also
be true for some arbitrary height in the Earth’s atmosphere, which
means that the background condition for calculating solar exergy
received by the Earth may  change over time for any environment
other than the CBR. These data were applied to calculate b* (Petela,
1964) from which the kJ of exergy m−2 s−1 arriving at the top of the
atmosphere were determined. The present factor of 30% attenua-
tion by the atmosphere was  assumed to hold across time to give an
estimate of the solar exergy absorbed on the surface of the Earth.
D.E. Campbell / Ecological Modelling 339 (2016) 96–125 107
Table  2
Deﬁnition and values for the symbols identifying forcing functions and ﬂows in Fig. 2. System components are identiﬁed but not evaluated. Most values in this table are
calculated from the average value of the Earth energy budgets reported in Table 7 Column 5 gives a reference to the place in this paper or in another paper, where the
calculation of the values reported in column 3 can be found. In this table, the energy generated by the eroded mass of the continents falling through a distance is assumed
to  be equal to the heat dissipated in uplifting an equal mass to balance erosion.
Item Symbol Value Units Reference
Emergy inﬂows
Solar emergy received, top of atmosphere EmSR 55,063 × 1020 seJ y−1 Table 5
Solar  emergy absorbed, Earth’s surface EmSA 38,544 × 1020 seJ y−1 Table 5
Solar  emergy absorbed in the atmosphere EmAtmA 16,519 × 1020 seJ y−1 By difference
Forcing functions
Inﬂow to land (solar emergy)a J1 11,563 × 1020 J y−1 Table 5
Chemical potential of rain on landb J2 5.10 × 1020 J y−1 Campbell (2003)
Inﬂow of gravitational energyc J3 1.17 × 1020 J y−1 Table A2
Temperature
Average temperature of the mantle TM 2339 K Sorokhtin et al. (2011)
Average temperature of the ocean bottom TOC 275.2 K Sorokhtin et al. (2011)
Carnot Ratio (efﬁciency) (TM − TOC)/TM 0.882 This table
Components
Mass  continental crust CC g NA
Mass  oceanic crust OC g NA
Mass  mantle M g NA
Mass  core C g NA
Radioactive material in the continental crust RCC g NA
Radioactive material in the oceanic crust ROC g NA
Radioactive material in the mantle RM g NA
Radioactive material in the core RC g NA
Heat  stored in the continental crust HCC J NA
Heat  stored in the oceanic crust HOC J NA
Heat  stored in the mantle HM J NA
Heat  stored in the core HC J NA
Gravity-chemical potential energy in mantle GCM
Flows on pathways
Exergy of eroded mass of the continentsd J4 8.86 × 1016 J y−1 Table A3
Exergy of isostatic uplift of continents J5 ? J y−1 NA
Exergy  of mass uplifted by plate motioned J6 ? J y−1 NA
Exergy  of uplift of J5 + J6e 8.86 × 1016 J y−1 Table A3
Exergy of ocean plates sinking J7 ? J y−1 NA
Exergy  of new oceanic crustal growth J8 ? J y−1 NA
Exergy  ﬂow in tectonic processes, J6 + J7 + J8f 9.20 × 1020 J y−1 Table 7, note b
Exergy of mass sinking from mantle to coreg J9 ? J y−1 NA
Exergy  of mass rising from core to mantleg J10 ? J y−1 NA
Heat  dissipated by the tidesh h1 1.17 × 1020 J y−1 Table A2
Solar  heat dissipated in erosion of landi h2 11552 × 1020 J y−1 J1 + J2
Heat ﬂow required for isostatic uplift of landj h3 1.63 × 1020 J y−1 Table 7, note b
Heat  ﬂow driving ocean plate movementk h4 7.57 × 1020 J y−1 Table 7, note b
a Solar transformity at the Earth’s surface is set as 1 sej J−1 = seJ J−1; therefore, the global inﬂow of solar radiation absorbed at the Earth’s surface is assumed to be the inﬂow
of  solar emergy supporting the system. The solar radiation that falls on the continents (30% of surface area) contributes to erosion through heating and cooling of the Earth’s
surface.
b The chemical potential energy of rain on land is used, in part, in chemical weathering of the land and geopotential energy of water is used in erosion; therefore, the global
solar  emergy is required for erosion.
c The gravitational energy of the Moon and Sun is absorbed by the Earth’s mass as body forces acting within the core, mantle and crust and as work done on the ocean
bottom  through tidal dissipation. In the former case the energy dissipated is small and distributed throughout the Earth, thus on average it makes no substantial contribution
to  the heat gradient. In the latter case the heat of tidal energy dissipation on the ocean bottom opposes the heat gradient driving plate motion.
d The exergy of the eroded mass of the continents is relative to sea level. The value used is from the Pleistocene (Table A3), which is the latest data point for which the
erosion  estimate was not affected by agriculture.
e The exergy of uplift is calculated relative to sea level. The components of uplift are difﬁcult to evaluate separately but over millions of years a reasonable assumption is
that  the exergy of uplift and erosion are in balance (Table A3).
f The components of the Earth Cycle are difﬁcult to evaluate separately, but the exergy ﬂow driving tectonic processes is required for the operation of the entire cycle
(Table 7, note b).
g The exchange of exergy ﬂows between the core and mantle was  not evaluated.
h All of the energy of gravitational attraction entering the Earth is assumed to be dissipated.
i The heat energy dissipated in erosion of the land mass through heating and cooling and chemical weathering of the surface.
j The deep heat ﬂow from the Earth required for isostatic uplift through the concentration of lighter lithospheric materials at the surface is assumed to be the heat ﬂow
t active
ent up
i
3
e
o
b
dhrough the continents and shelves minus the heat generated in CC (Fig. 2) by radio
k The part of the Earth heat ﬂow driving tectonics, plate motion and the consequ
s the Earth exergy dissipated to support the Earth cycle.
.3.2. Method of estimating tidal geopotential energy over time
This calculation was possible because Kagan (1997) compiledstimates of variation in the major lunar semidiurnal component
f the tides, M2, over the past 109 y with values for the early Cam-
rian given for a period centered on 555,000,000 y BP. Kagan (1997)
rew on several different studies to obtain the data and different decay (Table 7). This is equal to the part of the Earth’s heat ﬂow supporting uplift.
lift of the continents that occurs as a result (Table 7, note b). The sum of h3 and h4
methods were used to make the estimates. The reader is referred
to the original studies for more detailed information (Table A1).
The tidal exergy dissipated in the world oceans was estimated by
using the information in Munk and Wunsch (1998) to expand the
estimates of M2 given in Kagan (1997) and by adjusting Kagan’s
estimate using the measurements of M2 made by Egbert and Ray
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2000). These estimates were possible because of the assumption
hat the relationships between the M2 tidal component and the
ther lunar components, and between the M2 component and the
arth tide, have been relatively constant over the time of the esti-
ates, i.e., the past 2.5 × 109 y. Also, the relationship between solar
xergy and the geopotential exergy it generates was  assumed to
ave been constant over the time within a given generation regime,
.e., ice-covered or ice-free polar oceans.
.3.3. Method of estimating the Earth cycle over time
This calculation was possible because Wilkinson and McElroy
2006) estimated the volume of sediment deposited in the world
ceans from the Cambrian to the present time (i.e., over the past
42,000,000 y). The exergy of the mass of sediments eroded from
he continents was calculated using the formula, U = gmh, where g
s gravity, m is the mass of sediments eroded and h is the average
eight of the landmass. An average density for the continental land
ass of 2.8 g cm−1 (Condie, 1993) was used as were historical val-
es for the average elevation of the continents from Sorokhtin et al.
2011). Most of the additional data needed to make estimates of the
xergy ﬂows over the past 555,000,000 years (Table A3) were found
n Sorokhtin et al. (2011). Since some of the values needed were
nknown or uncertain earlier than 555,000,000 y BP; this analy-
is focused on constructing the emergy baseline of the Earth over
he last 555,000,000 y. Also, of necessity the calculation was per-
ormed for the average value over long periods of time for which the
rosion regimes were established, thus while annual ﬂows are eval-
ated they do not translate to any particular year, but instead to a
ime increment in the history of the Earth over the last 5.55 × 108 y
Table A3).
.4. Method for checking the transformity of the exergy of the
cean tides
Our estimates for the transformities of the exergy of tidal
eopotential energy or deep Earth heat can be checked, if another
ndependent process can be found that depends on two or more
f the three quasi-independent sources of available energy to the
arth. Riguzzi et al. (2009) found that the vertical movements
aused by the Earth tides are too small to drive plate motion
0.25% of the tectonic exergy ﬂow) based on data in Ray et al.
1996) and Sorokhtin et al. (2011). However, they point out that
he horizontal, permanent torque caused by the misalignment of
he tidal bulge on the surface of the Earth and the gravitational
rajectory of the Earth–Moon system provide an amount of kinetic
nergy loss (∼2.3 TW,  Knopoff and Leeds, 1972) that could result in
otion of the lithosphere. Earlier work on this subject by Bostrom
1971) ﬁrst presented arguments for the westward displacement
f the lithosphere caused by the fact that the oceanic and solid
arth tidal bulges lead the overhead position of the Moon, so
hat the sum of the resulting coupled forces is between 3.9 and
.3 × 1023 dyne cm−1 calculated from the acceleration of the moon
n its orbit and the reduction in the Earth’s rotation rate (Munk
nd Macdonald, 1960). Bostrom (1971) argued that this force was
ufﬁcient to displace the lithosphere westward around the mantle
ying below it. The rate of displacement is dependent on the resul-
ant forces and the viscosity of a thin layer in the upper mantle upon
hich the shell of the Earth would rotate. Observation of variations
n the velocity of seismic waves indicate that such a low viscos-
ty layer exists (Knopoff, 1972), but there is still some uncertainly
bout the depth of the layer and the actual value of its viscosity
Doglioni et al., 2014). These factors are crucial in determining the
mount of rotation of the lithosphere that can be expected from
he applied forces. Bostrom (1971) cites several pieces of evidence
hat imply that the lithosphere is rotating westward. For exam-
le, he states, “Westward drift will not be apparent to us; but itlling 339 (2016) 96–125
will appear that surface features related to the underlying mantle,
for example persistent volcanic rock sources, have a tendency to
migrate east.” In a recent paper, Doglioni et al. (2014) state that
“. . . all plates, albeit at different velocity, move westerly along a
curved trajectory with a tectonic equator tilted about 30◦ relative
to the geographic equator.” In other words, the position of the hot
spot on the Earth’s surface remains practically unchanged, since its
origin is below the low viscosity zone in the stationary mantle, but
it appears to have moved, because of the westward translation of
the lithosphere. Further arguments supporting the westward dis-
placement of the lithosphere as a function of gravitational forces of
the Earth and Moon are given in the references mentioned above.
This evidence appears to be strong enough to use the westward dis-
placement of the lithosphere as the basis for a calculation to check
our estimate of the solar equivalence of the energy of gravitational
attraction.
In this method, the motion of the plates driven by the under-
lying convection cells in the mantle is assumed to be a separate
mechanism from the westward plate motion generated by the tidal
couple on the Earth’s lithosphere. Thus, it is plausible that these
two processes are acting in superposition to create the movements
of the Earth’s lithosphere and the two  motions can be considered
independently in a ﬁrst order calculation. In both cases the mass
and motion of the Earth’s crust generated by each process can be
estimated and given that frictional effects at the boundary layer
are similar; the kinetic energy required to move the lithosphere
a given distance in a year over the underlying mantle can be cal-
culated. The kinetic energy dissipated in moving the lithosphere
is assumed to be the same regardless of the process causing the
movement. Under this assumption, the tidal exergy equivalence of
the kinetic energy dissipated in the annual westward movement
of the lithosphere and the Earth exergy equivalence of the kinetic
energy of plate motion can be calculated and then related to one
another to give the Earth heat transformity of the tidal exergy. The
solar exergy equivalence of the exergy of deep Earth heat is known
and using that a second estimate for the solar transformity of the
tides can be made.
The formula for kinetic energy, K.E. = 1/2mv2, where m is the
mass moved and v is the velocity, was used to determine the energy
of crustal motion. The mass moved was determined from the crustal
volume of the oceanic basins and marginal seas in the ﬁrst case
and of the oceanic crust and the continental crust after continental
crustal volume was corrected for the volume of shields and plat-
forms in the second case. Shields and platforms have deep roots that
are “sticky” areas in the movement of the lithosphere (Bostrom,
1971; Knopoff, 1972). Data on the average thickness and density
of the crust at different locations were used to determine the mass
moved. The average velocity of plate movement was  determined
by doubling the average half-spreading rate for all plates given
in Conrad and Lithgow-Bertelloni (2007). Velocities for the west-
ward displacement of the lithosphere were calculated using the
estimate of Bostrom (1971) and for a conservative range of values
(Doglioni et al., 2014), who also supplied a maximum value assum-
ing the presence of an unveriﬁed, thin, very low viscosity layer at
the mantle-crust boundary. The detailed calculation method and
supporting notes used to check the estimate of the solar exergy
equivalence of tidal exergy dissipated are given in Table 3.
4. Results
4.1. Solar radiationSolar radiation supplies the largest amount of energy and avail-
able energy to the Earth, e.g., the solar energy absorbed by the Earth
at the surface is about 2686 times larger than the second largest
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Table  3
An alternative method for estimating the solar equivalence of tidal exergy based on the westward displacement of the lithosphere and plate movement driven by tectonic
processes.
Parameters Plate movementa Lithosphere or shell rotationb
0.2◦/106 y 0.4◦/106 y 0.46◦/106 y 1.0◦/106 y
Massc, m (g) 7.96 × 1024 1.57 × 1025 1.57 × 1025 1.57 × 1025 1.57 × 1025
Plate Velocity, v (cm s−1) 1.57 × 10−7 7.06 × 10−8 1.41 × 10−7 1.62 × 10−7 3.53 × 10−7
Kinetic Energyd, K.E. (J s−1) 9.83 × 103 3.90 × 103 1.56 × 104 2.06 × 104 9.75 × 104
Available energye, Earth, E (J y−1) 9.20 × 1020 NA NA NA NA
Available energyf, tide, T (J y−1) NA 1.17 × 1020 1.17 × 1020 1.17 × 1020 1.17 × 1020
Earth Equivalence K.E.g, TE (J J−1) 2.97 × 109 NA NA NA NA
Tidal  equivalence K.E.h, TG (J J−1) NA 9.49 × 108 2.37 × 108 1.79 × 108 3.80 × 107
Ratio equivalencesi, TE/TG NA 3.14 12.56 16.61 78.48
Solar  equiv. Earth Cyc.j, TEC (seJ J−1) 4200 NA NA NA NA
Solar  equivalence tidek, G (seJ J−1) NA 13184 52737 69745 329609
a Plate movement is two times the global average value of the half spreading rate given by Conrad and Lithgow-Bertelloni (2007).
b The rates of net rotation of the lithosphere with respect to the mantle are given in Doglioni et al. (2014) with 0.2◦ to 0.4◦/106 y bracketing the conservative range of
estimates measured with respect to the rate of movement of the crust relative to the position of hotspots in the Paciﬁc and a faster rate of 1.0◦/106 y that might be possible, if a
very  low viscosity layer exists at the crust-mantle boundary. The 0.46◦/106 y is equivalent to the value put forward by Bostrom (1971), when he ﬁrst estimated the westward
displacement of the lithosphere.
c The mass of the moving plates was calculated from the area of the oceans and marginal basins, 3.086 × 108 km2, (Sclater et al., 1980), the average thickness of the oceanic
plates, 8.6 km (Mooney et al., 1998) and average oceanic crust density of 3.0 g cm−1, i.e., the maximum estimate in Carlson and Raskin (1984). The mass of the lithosphere
shell  under rotation was  calculated as the sum of the mass of the oceanic plates plus the fraction (1–0.69) times the mass of the continents or the mass of the continental crust
after  shields and platforms have been subtracted (Christensen and Mooney, 1995). Area data were taken from Sclater et al. (1980) as follows: continents, 1.49 × 108 km2,
continental shelves, 5.22 × 107 km2. An average thickness of 38 km was assumed for the continents (Mooney et al., 1998) and a thickness of 19 km was estimated for the
continental shelves using the following logic: Fox et al. (1970) estimated that the continental shelf off Hispaniola was 2× the thickness of the oceanic crust (e.g., 17.2 km)
and  Mooney et al. (1998) give a minimum for continental crust thickness of 20.5 km (for extended crust), which result in an average shelf crust thickness estimate of about
19  km.  The density of the continental crust was  assumed to be 2.8 g cm−1 from Condie (1993).
d Kinetic energies of plate movement and shell rotation are compared assuming that the frictional effects at the low viscosity boundary layer are similar. Multiply by
seconds per year to calculate annual ratios.
e The available energy or exergy of the Earth heat ﬂow driving plate movement is given in Table 2.
f The available energy of the gravitational attraction of the Moon and Sun (i.e., tides) is given in Munk and Wunsch (1998). In this case, the entire tidal energy input to the
Earth  (3.7 TW)  drives the westward displacement of the lithosphere.
g The Earth exergy equivalence of the kinetic energy of plate movement is the annual Earth exergy inﬂow divided by the kinetic energy of plate motion.
h The tidal exergy equivalence of the kinetic energy of the rotating lithosphere is the annual tidal exergy inﬂow divided by the kinetic energy of lithospheric rotation.
i The ratio of the Earth exergy equivalence of plate movement to the tidal exergy of lithosphere rotation shows the relative efﬁcacy of these two sources of available energy
in  moving the Earth’s crust.
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hj The solar exergy equivalence of the Earth Cycle was determined as the rounded
k The solar exergy equivalence of the tide can now be estimated by multiplying th
he  solar exergy equivalence of the Earth Cycle.
nergy source, i.e., the heat energy exiting through the Earth’s sur-
ace. In this section, the solar energy and solar exergy arriving at the
op of the Earth’s atmosphere and absorbed on the Earth’s surface
re calculated for the present time, followed by a calculation of the
olar exergy received and absorbed by the Earth from its origin to
 × 109 y into the future, a time period over which the output of the
un is expected to be fairly stable (Sackmann et al., 1993).
.1.1. Present value of the solar energy and solar exergy input to
he Earth
Estimates of the solar energy received by the Earth at the top of
he atmosphere and absorbed at the surface of the Earth are given
n Table 4. In this paper, the energy received is distinguished from
he energy absorbed by the system, as recommended in Campbell
t al. (2005).Estimates of the available solar energy or solar exergy received
t the top of the Earth’s atmosphere and absorbed at the surface of
he Earth are given in Table 5. Solar exergy was calculated relative
o the temperature of the CBR at the edge of the atmosphere and
able 4
ncident solar radiation: solar energy arriving on the Earth from the Sun.
The Solar Constanta Cross Sectional Areab
1366 W m−2 1.278 × 1014 m−2
a An average value for the solar constant was determined from data in Fig. 1 of Foukal 
igh  and low total solar irradiance (W m−2) as measured by radiometers on various space
b Radius of the Earth is 6.3871 × 106 m at the Equator (Weast, 1981).
c Multiply the solar constant by the cross sectional area of the Earth and the number of
d Assume that on average losses in the atmosphere from scattering and absorption equge from estimates in Table 8 and Table A4.
tive efﬁcacy of the tides in moving the lithosphere compared to the Earth Cycle by
to the average temperature of the surface of the Earth using the
method in Petela (1964).
4.1.2. Time history of solar radiation arriving on Earth
The historical values of solar radiation arriving at the top of the
Earth’s atmosphere and on the Earth’s surface are given in Fig. 3.
There has been a steady increase in the emissive power of the Sun
from the time it entered the Main Star Sequence, shortly after its
formation, to the present time (i.e., 4.6 × 109 y from the origin).
4.2. Gravitational attraction of the Moon and Sun
The gravitational attraction of the Moon and Sun is the third
largest input of available energy to the Earth. The solar energy
absorbed on the Earth’s surface is 33,000 times greater than the
gravitational energy supplied by the Moon and Sun. In this section,
the components and interactions of the gravitational attraction of
the Moon and Sun on the Earth are used to calculate equivalence
between solar exergy and the exergy of the ocean tides using the
Top of the Atmospherec On the Earth’s Surfaced
5.509 × 1024J y−1 3.856 × 1024J y−1
et al. (2006) by averaging the averages (white lines in Foukal’s Fig. 1) for periods of
craft from 1978 to 2006.
 seconds in a year.
al 30% of that incident at the top of the atmosphere (ITACA, 2011).
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Table 5
Incident solar radiation: available solar energy (exergy) arriving on the Earth from the Sun at the top of the atmosphere (received) and on the Earth’s surface (absorbed).
Exergy calculations are based on the equations in Petela (1964). Exergy is relative to the Earth’s average surface temperature in Row 1 and to the temperature at the top of
the  atmosphere in Row 2.
Temperaturea
sun (K)
Temperatureb
background (K)
b* Solar emissivityc
(kJ m−2 s−1)
Solar exergy receivedd
(W m−2)
Top of atmosphere
(J  y−1)
Earth’s surface
(J y−1)
5781 287.15 59,093.64 1276.5 5.1449 × 1024 3.6014 × 1024
5781 2.725 63,251.24 1366.2 5.5063 × 1024 3.8544 × 1024
a The temperature of the sun can be estimated using the Stephan–Boltzmann Law and the radius of the sun = 695,508 km (NASA, 2014a) and was found to be 5800 K (http://
ircamera.as.arizona.edu/astr  250/Lectures/Lecture 12.htm). The observed solar constant at the top of the atmosphere and the relationships for the sun’s emissivity and the
exergy  of radiation arriving on Earth in Petela (1964) were used to back calculate the sun’s temperature in Table 5, which is close to 5800 K.
b The exergy of solar radiation arriving on the Earth was  calculated relative to the average global temperature from 1951 to 1980 of 287.15 K (NASA, 2014b) and to the
temperature of the cosmic background radiation (CBR) outside of the Earth’s atmosphere, 2.725 K (NASA, 2014c).
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uc Eq. (5) in Petela (1964) was  evaluated using the solar and background tempera
d Petela’s evaluation of Eq. (42) and calculations of b* were used together to est
emperature is considered to be just outside the top of the atmosphere and when it
valuated model in Fig. 1. Finally, the results of model output and
ata analysis given in Kagan (1997) are used to reconstruct a time
istory of tidal energy dissipation in the world oceans over the past
.5 × 109 y.
.2.1. Exergy inﬂow due to the gravitational attraction of the
oon and Sun
The exergy of gravitational attraction of the Moon and Sun is
ransmitted to the Earth in several forms and at several frequencies.
he largest quantity of this available energy is dissipated by the
ides in the world oceans (3.5 TW), with a much smaller quantity
issipated in the solid Earth tides (0.2 TW)  and even less in the tides
f the atmosphere (0.02 TW). The value of the M2 component alone
s 2.5 TW.  These values and a detailed evaluation of the tidal energy
nputs to the Earth can be found in Munk and Wunsch (1998).
.2.2. The solar transformity of the ocean tides
The equivalence between solar exergy and the exergy of the
cean tides was  determined by evaluating ESL models for two
uasi-stable states of the Earth’s geobiosphere (Fig. 1A and B).
ig. 1A shows The Earth with polar ice, as it is today and as it has
een to a greater or lesser degree (Zachos et al., 2001) for approx-
mately the last 34 × 106 y or since Antarctica became glaciated
ig. 3. Available solar energy received at the top of the atmosphere and on the surface of t
ver  time. The time shown covers the stable period of the sun’s life history, i.e., from t
ormation (Sackmann et al., 1993). Solid data points are calculated from data on the Sun’s
sed  earlier (Petela, 1964) to estimate the solar exergy received by the Earth based on thiven in this table.
the exergy received in the solar radiation arriving on Earth when the background
sidered to be at the surface of the Earth.
(Deconto and Pollard, 2003). When the polar oceans are ice-covered
there is a smaller total water surface area that can become strat-
iﬁed; and therefore; the geopotential energy generated annually
by solar exergy is less (1.089 × 1020 J y−1) compared to the solar
geopotential energy of 1.596 × 1020 J y−1 generated over the greater
occean surface area of an Earth with ice-free polar oceans (Oort
et al., 1994). The variable efﬁciency with which solar exergy cre-
ates geopotential energy in the world oceans leads to a solar exergy
equivalence of 24,200 seJ J−1 for the available energy dissipated
by ocean tides, when the oceans are ice-free compared to a solar
equivalence of 35,400 seJ J−1 for tidal exergy when the polar oceans
are ice-covered (see the equations evaluated on Fig. 1B and A,
respectively). The data, sources, and assumptions used in these
calculations are given in Table 6.
4.2.3. Time history of the tidal exergy dissipated in the world
oceans
Estimates of the available energy dissipated by ocean tides over
the past 2.5 × 109 y are given in Appendix A, Table A1 and in Fig. 4.
These estimates are based on Kagan (1997), who synthesized the
results of 4 studies of Earth–Moon tidal evolution of the M2 tidal
component over the past 1 × 109 y and model results (Kagan and
Maslova, 1994) for the period from 1.0 × 109 to 2.5 × 109 y BP. The
he Earth, assuming the attenuating properties of the atmosphere have not changed
he time it entered the main sequence of stars to around 10 billion years after its
 age, luminosity and temperature (Sackmann et al., 1993) by applying the formulae
e Sun’s emissivity.
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Table  6
Calculation of the equivalence between solar and tidal exergy based on the geopotential energy dissipated in the world oceans from the available energy supplied by the Sun
and  the gravitational attraction of the Moon and Sun. Following Oort et al. (1994), D(P) is the potential energy generated, D(K) is the kinetic energy dissipated and D(S) is the
total  energy dissipated in the oceans from solar sources. D(T) is the tidal energy dissipated in the oceans and D(S + T) is the total geopotential energy dissipated. All values
are  in joules per year (J y−1). Solar emergy is equivalent to solar exergy by assumption. See Appendix A, Table A2 for detailed calculations.
D(P) D(K) D(S) D(T) D(S + T) %S %T Ttide
Polar Icea 4.44 × 1019 6.44 × 1019 1.09 × 1020 1.10 × 1020 2.19 × 1020 0.496 0.504 35,393
Without polar iceb 1.60 × 1020 1.10 × 1020 2.70 × 1020 0.591 0.409 24,165
a Data on D(P), D(K) and D(S) from Oort et al. (1994). Data on D(T) from Munk and Wunsch (1998).
b Data on D(S) from Oort et al. (1989) with turnover time of 1.36 years calculated from Oort et al. (1994) applied to the potential energy estimate of Oort et al. (1989). Data
on  D(T) from Munk and Wunsch (1998).
Fig. 4. Variation of the solar equivalence of ocean tidal exergy over the past 2.5 × 109 y with 0 being the present. Diamonds show the solar equivalence of tidal exergy dissipated
in  the oceans for two conﬁgurations of the Earth’s surface, ice-covered and ice-free polar oceans. Here the solar-derived geopotential energy of the oceans determines the
equivalence between solar and tidal exergy. The solid diamonds represent conditions for the present and for 3.8 × 107 y BP, which are the base years for the two conﬁgurations
o gime of ice-covered polar oceans and the prior period when the polar oceanic area was
i ould have been based on the amount of tidal exergy dissipated globally compared to that
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Fig. 5. Variation of the relative efﬁciency of tidal exergy generation in the world
oceans from the present to 2.5 × 109 y BP due to changes in the position of the land
masses on the surface of the Earth. The plotted values are determined by the tidal
resonances set-up as the positions of the continents changed with time. The dashedf  the Earth’s surface. The dashed line shows the boundary between the recent re
ce-free. The crosses show what the equivalences between solar and tidal exergy w
issipated in the base year for the two periods (black diamonds).
stimates based on the M2 tidal component were “scaled-up” as
xplained in the notes to Table A1 using the information in Munk
nd Wunsch (1998) to estimate the total tidal exergy dissipated in
he world oceans over this time.
.2.4. Time history of the transformity of the tides in the world
ceans
Estimates of the time history of the solar equivalence of the
cean tides over the past 2.5 × 109 y are given in Appendix A,
able A2. The time series estimates and the data needed to calculate
hem are shown for two modes of the Earth System, i.e., with polar
ce, after 38 × 106 y BP and without polar ice, earlier than 38 × 106 y
P with the transition point at 38 × 106 y BP determined by the
esolution of the estimates given in (Kagan, 1997). The solar equiv-
lence of the tidal energy dissipated in the world oceans is shown
ver the past 2.5 × 109 y (Fig. 4) along with the estimated solar
quivalence of the tidal exergy dissipated, if the equivalences are
djusted based on the relative efﬁciency of the Earth as a “machine”
or generating tidal geopotential energy (Table A2). For example,
idal resonance is greater when the continental land masses are
istributed over the surface of the Earth and less when the land
asses come together as supercontinents. A plot of changes in the
elative efﬁciency of the Earth in generating tidal exergy (Fig. 5)
hows that the present tidal exergy dissipation in the oceans is
line separates the present world with ice-covered polar oceans from the world with-
out ice-covered polar oceans. Efﬁciencies are expressed relative to the latest value
in  these two time periods. Values are only estimated for the points plotted and the
dotted line is added for convenience to make it easier to follow changes in the solar
transformities of the tides through time.
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Table 7
Current heat budgets for the solid Earth. Energy ﬂows are in terawatts (TW).
Source Oceans + seas Continental radioactivity Continents + shelves Global total Total with hot spotsa Earth cycleb
Heat ﬂows including hydrothermal circulation
Mareschal et al. (2012) 29 7.6 ± 1.9 14 43 46 31.2
Davies and Davies (2010) 31.9 14.7 45.7 46.7 34.8
Sorokhtin et al. (2011) 33.9 9.1 43 33.9
Jaupart et al. (2007) 32 7 14 43 46 34.8
Pollack et al. (1993) 31.2 13.1 44.2 32.4
Sclater et al. (1980) 30.4 11.5 ± 2.1 42 31.2
Heat  ﬂow: Average ± SD 31.4 ± 1.7 13.5 ± 1.2 43.5 ± 1.3 33.0 ± 1.7
Heat  ﬂows without hydrothermal circulation
Hofmeister and Criss (2005) 19.4 11.6 31.0 19.2
Davies and Davies (2010) 21.3 14.7 36.0 37 24.2
a Hot spot heat ﬂow is the difference between the “Global Total” and “Total with Hot Spots”. Estimates range from 1 to 3 TW.  Because of their nature as single point outﬂows
of  heat, hot spots were not included in the heat ﬂows driving the Earth Cycle of uplift and isostatic adjustment.
b Heat ﬂow driving the Earth Cycle is estimated as the heat ﬂow through the oceans and seas minus the heat gained by the oceanic lithosphere (2.9 TW,  Sclater et al., 1980)
minus the heat generated by radioactive decay in the oceanic crust (1.3 TW,  Sclater et al., 1980); plus the average heat ﬂow through the continents and shelves, minus the
a , 2012
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tverage heat ﬂow from radioactive decay in the continental crust (Mareschal et al.
isostatic) and h4 (tectonic) processes in Fig. 2.
t the highest point seen over the past 38 × 106 y, which is about
71% higher than its value in the Early Miocene around 20 × 106 y
P (Table A1).
.3. Heat ﬂow through the surface of the Earth
Recent studies of heat ﬂow through the surface of the Earth are
ummarized in Table 7. The heat ﬂow through the oceans and seas
s separated from the heat ﬂow through the continents and con-
inental shelves. Also, the heat generated by radioactive decay in
he continental and oceanic crust is reported separately. The heat
ow estimates are reported in two categories: (1) heat ﬂow includ-
ng model estimates of the heat removed through the ocean crust
y hydrothermal circulation and (2) the Earth heat ﬂows actually
easured that do not incorporate model estimates of hydrothermal
ow. The estimates of the heat ﬂow driving the tectonic processes
f the Earth and contributing to isostatic adjustment of continental
levations are listed under “Earth Cycle” in Table 7. Sorokhtin et al.
2011) provide a direct estimate of this ﬂow. The other estimates
n this column were calculated from the information given in this
able using the method described in note b. The average value of the
eat ﬂow driving tectonic processes of the Earth was  33.0 ± 1.7 TW
ased on the six global heat ﬂow budgets that included the heat
ux due to hydrothermal circulation. If the hypothesized heat
ow lost through hydrothermal circulation is not included, the
eat ﬂux driving the Earth Cycle is about 10 TW less than if it is
resent.
able 8
alculation of the solar exergy equivalence of the Earth heat exergy driving the Earth Cyc
Solar exergya
(J y−1), (seJ y−1)
Earth cycleb
energy (J y−1)
Earth heat exergyc
(J y−1)
Exergy
erosiond (J y−1)
3.854 × 1024 1.043 × 1021 9.202 × 1020 8.859 × 1016
a Solar exergy received at the surface of the Earth, i.e., the solar exergy absorbed by the
b Earth Cycle heat energy ﬂux is the average of the values for the heat ﬂow supporting 
c The available energy in the Earth heat ﬂow is the heat ﬂow in column 2 multiplied by th
f  the mantle, 2339 K (Sorokhtin et al., 2011, p. 190) and the average temperature at the b
d The exergy of erosion is calculated in Appendix A, Table A3.
e The planetary solar exergy absorbed is divided by the potential energy dissipated in 
issipated in erosion.
f The exergy of the Earth heat ﬂow supporting tectonic processes is divided by the exe
eat  equivalence of the available energy dissipated in uplift.
g The ratio of the solar equivalence of the potential energy dissipated through erosion t
ransformity of the Earth exergy ﬂow supporting the Earth Cycle.). The Carnot Ratio (0.8818) was  then applied to obtain the exergy numbers for h3
4.3.1. Evaluated model of the Earth cycle driven by solar and deep
Earth heat exergy
An evaluated ESL model of the Earth at the present time was
used to determine the equivalence between solar exergy inﬂow
and the exergy of deep heat ﬂow from the Earth (Fig. 2). The val-
ues, units and references for all forcing functions and ﬂows shown
in Fig. 2 are given in Table 2. In this model the available energy
dissipated by erosion of land mass from the surface of the con-
tinents (0.00089 × 1020 J y−1) is assumed to be balanced by the
available energy of total uplift (i.e., from isostatic adjustment and
plate movements) over long time periods, e.g., 10 million years or
longer. The total exergy of the heat ﬂow dissipated in driving the
Earth Cycle was 9.20 × 1020 J y−1 (Fig. 2, h3 + h4) and the solar exergy
driving the process was 3.85 × 1024 seJ y−1.
4.3.2. The solar equivalence of the exergy of deep Earth heat ﬂow
A value of 4191 seJ J−1 for the solar transformity of deep Earth
heat used to drive tectonic processes is estimated in Fig. 2 and
Table 8. The solar transformity of Earth heat ﬂow is determined
from the geopotential energy dissipated, relative to sea level, by
the erosion of the mass of the continents due to the actions of sun
and rain, under the assumption that the upward mass ﬂux of land
from isostatic adjustment and tectonic uplift, again relative to sea
level, balances the mass removed by erosive processes over the long
run, e.g., ten million years. Thus, the available energy dissipated in
erosion is assumed to be equal to the available energy dissipated
in land uplift.
le.
Solar equivalence
erosione (sej J−1)
Earth exergy equivalence
land upliftf (seJ J−1)
Solar equivalence
Earth heatg (seJ J−1)
4.350 × 107 1.038 × 104 4191
 Earth.
the Earth Cycle including hydrothermal circulation from Table 7.
e Carnot ratio (0.882) calculated for the difference between the average temperature
ottom of the oceans, 275.15 K (Sorokhtin et al., 2011, p. 500).
erosion of the continental land mass to obtain the solar equivalence of the exergy
rgy dissipated in the uplift of a land mass equal to that eroded to obtain the Earth
o the Earth heat equivalence of the available energy dissipated in uplift is the solar
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Fig. 6. Exergy inﬂows to the Earth as solar radiation, the deep Earth heat driving the
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.3.3. Historical time series of erosion and deep Earth heat ﬂow
The history of erosion of the continental land mass of the Earth,
ince the Cambrian period 5.42 × 108 y BP is given in Table A3.
his reconstruction was made using data on erosion reported by
ilkinson and McElroy (2006) and estimates of average continen-
al elevations from Sorokhtin et al. (2011). Data on the area of the
ontinents, the volume of sediment deposited, the erosion rate, the
rosion mass ﬂux, the average height of the continents and the
xergy of the mass eroded from 5.42 × 108 y BP to the present are
iven in Table A3. The exergy dissipated by the eroded mass falling
hrough a distance was calculated relative to sea level assuming
hat the average density of the continents is 2.8 g cm−1 (Condie,
993) and the acceleration due to gravity is 9.81 m s−2.
.3.4. Historical time series of the solar equivalence of deep Earth
eat exergy ﬂow
The data and calculations needed to determine the values of the
olar equivalence of the exergy of the deep Earth heat ﬂow is given
n Table A4. The estimates of the exergy of erosion were transferred
rom Table A3 and combined with data from Sorokhtin et al. (2011)
n Earth Cycle heat ﬂow, the average temperature of the mantle
nd the average sea ﬂoor temperature from 5.55 × 108 y BP to the
resent (Table A4). The Carnot ratio, calculated from the temper-
ture gradient between the average mantle temperature and the
emperature at the sea bottom, varied from 0.8720 to 0.8817, a 1.1%
ncrease over the time examined. In contrast, the solar equivalence
f the exergy of deep Earth heat varied from 3064 to 4258 seJ J−1
r a 39% increase over 5.55 × 108 y. The time series of data and the
onsequent estimates of transformities in Table A4 are based pri-
arily on the data in Sorokhtin et al. (2011); therefore, they are
omewhat different from the average values for the same quanti-
ies calculated from the average of six Earth heat budgets given in
able 7.
.4. Summary of the exergy inﬂows to the Earth
The exergy inﬂows to the Earth system from the Sun, the Earth’s
eep heat driving tectonic processes, and the exergy dissipated by
cean tides are shown in Fig. 6 over the entire period for which
ata were available for each input. The solar exergy input to the
arth has increased gradually at a steady rate over the entire time
ince 0.031 × 109 y after the formation of the Earth (Sackmann et al.,
993). The exergy dissipated by the Earth in tectonic activities has
 distinct peak about 2.6 × 109 y BP corresponding to the approx-
mate time of core formation (Sorokhtin et al. (2011). From about
.2 × 109 y BP to the present, the amount of exergy dissipated in
riving the Earth Cycle has steadily declined. The exergy dissipated
hrough oceanic tides is plotted over the past 2.5 × 109 y. The vari-
bility of the tidal exergy dissipated in the world oceans has been
resented earlier, but here again it is apparent that it has been
uite variable over the past 1 × 109 y compared to the other exergy
nﬂows to the Earth..5. The present emergy baseline for the Earth
The planetary baseline for the Earth at the present time, i.e.,
or a world with ice-covered polar oceans, is calculated in Table 9
able 9
lanetary baseline for the present time, i.e., for a world with polar ice, using the average 
ow  and ocean tidal exergy dissipation.
Energy source Exergy inﬂow (J y−1) Equiv
Solar radiation 3.854 × 1024
Ocean tidal dissipation 1.105 × 1020 35,3
Earth’s tectonic heat 9.202 × 1020 41
Total  solar equivalent inﬂow Earth Cycle and the tidal geopotential exergy dissipated in the world oceans, each
is  shown over the longest period for which an estimate could be made with 0 being
the present time.
based on the determinations of the solar exergy equivalences of the
oceanic geopotential exergy dissipated (35,393 seJ J−1) and for the
exergy dissipated in the heat ﬂow supporting tectonic processes
(4191 seJ J−1). The baseline determination resolves to a value of
1.16 × 1025 seJ y−1 with a split of approximately 1/3, 1/3, and 1/3
in the implied organizing power of the three independent inﬂows
based on the emergy that they deliver to the Earth.
Also, the emergy baseline of the Earth was determined for condi-
tions when the polar oceans are ice-free (Table 10). In this case the
average transformities for the exergy of the oceanic geopotential
dissipated (24,100 seJ J−1) and for the exergy dissipated in suppor-
ting the Earth Cycle (3607 seJ J−1) were used in the calculation of
the baseline over the period from 555,000,000 to 38,000,000 years
BP. In this case the baseline determination resolved to a value of
9.828 × 1024 seJ y−1 with a split in the implied organizing power in
the proportion of 1:0.58:1, Sun:Tide:Earth.
4.6. The planetary baseline of the Earth over the past 555,000,000
years
Calculations of the emergy baseline of the Earth and the emergy
input of the Sun, Earth and Tides over the past 555,000,000 y are
presented in Table A5 and plotted in Fig. 7. Using the data from
Sorokhtin et al. (2011) for the Earth heat ﬂow and including both
the tidal states with and without polar ice-covered oceans; the
average emergy baseline for the Earth over the past 555,000,000 y
was 1.00 × 1025 ± 1.13 × 1024 seJ y−1 (Table A5). The value of the
baseline at the present time using the historical time series data
is 1.16 × 1025 seJ y−1 (Fig. 7). The variability of the planetary base-
line is largely determined by the variation of the emergy supplied
by the ocean tides (Fig. 7), since the emergies supplied by the Sun
and Earth exergy ﬂows have been fairly constant over this time.
The planetary baseline traces a U shaped pattern over the past
5.55 × 108 y, primarily due to the period from 3.8 to 1.5 × 108 y BP
estimate for heat ﬂow and average solar equivalences for Earth’s deep heat exergy
alence (seJ J−1) Solar Eq. inﬂow (seJ y−1) Fraction
1 3.854 × 1024 0.332
93 3.911 × 1024 0.337
91 3.857 × 1024 0.332
1.162 × 1025 1.001
114 D.E. Campbell / Ecological Modelling 339 (2016) 96–125
Table 10
Planetary Baseline from 555,000,000 to 38,000,000 years BP, i.e., a world without polar ice, calculated using the average exergy inﬂows and transformities for the three
sources of available energy over this time.
Energy source Exergy inﬂow (J y−1) Solar Equiv. (seJ J−1) Solar Eq. inﬂow (seJ y−1) Fraction
Solar radiationa 3.791 × 1024 1 3.791 × 1024 0.386
Ocean tidal dissipationb 9.167 × 1019 24,100 2.210 × 1024 0.225
Earth Cycle heatc 1.061 × 1021 3607 3.827 × 1024 0.389
Total  solar equivalent inﬂow 9.828 × 1024 1.000
a The solar radiation received by the Earth has been increasing over time.
b Data from Kagan (1997).
c Data from Sorokhtin et al. (2011). The Earth Cycle’s heat ﬂow was decreased over tim
and  secular cooling in the hot body model of Earth’s origin.
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tig. 7. The emergy baseline for the planet and the contributions of emergy received
rom its component parts, the Sun, S; the Earth, E; and the Tides, G from the present
ime to 555,000,000 y BP.
hen the Earth’s land masses were joined together as the supercon-
inent, Pangaea, and planetary tidal exergy generation was  lower.
.7. An alternative method to calculate the solar equivalent
xergy of the ocean tides
Calculations of the solar equivalent exergy of the tidal exergy
issipated in the oceans based on equating the kinetic energy dis-
ipated annually by the available energy of the Earth’s deep heat
ow moving the continental plates with the kinetic energy dissi-
ated annually by the available energy of the tidal forces driving the
estward rotation of the Earth’s lithosphere are given in Table 3.
he midpoint (0.3◦/106 y) of the most plausible range of rotation
or the westward displacement of the lithosphere (Doglioni et al.,
014) gives an estimate of 32,961 seJ J−1 for the solar equivalent
xergy of the exergy of tidal energy dissipation compared to the
alue of 35,393 seJ J−1 estimated in Table 6. Remarkably, there is
nly a 7.3% difference between these two estimates.
. Discussion
One of the weaknesses in the present body of emergy studies is
he lack of methodological consistency caused by the fact that sev-
ral planetary baselines are in common use. The goal of this paper
s to provide the community of scientists with a more accurate esti-
ate for the planetary baseline of the Earth for use as a basis for the
etermination of transformities in emergy evaluations and in envi-
onmental accounting (Odum, 1996). In Section 4, the baseline for
he Earth’s geobiosphere was calculated for the present and over
he past 555,000,000 y by establishing solar equivalences for thee either from depletion of iron in the mantle in the cold body model or from core
Earth’s deep heat exergy ﬂow and for the tidal exergy dissipated
in the world oceans. Extensive documentation was  given so that
these values and the method for obtaining them will be transpar-
ent and easy to understand. This was  done with the hope that the
new baseline will be recognized as being based on sound science
and that it is better documented and more plausible than past esti-
mates; and therefore, it might be readily adopted in the future by
scientists doing emergy studies.
In this section, the importance of the planetary baseline for
emergy evaluations is discussed followed by a brief summary of
the reasons that a new study is needed at this time. Next the ques-
tion, “Is the emergy baseline really arbitrary?” is considered. The
new models used to calculate equivalences are compared to past
models and the way that past conceptual and empirical errors
were corrected or avoided in the new models and calculations is
summarized. Next, the uncertainty and variability in the models
and data used in this paper and the magnitude of possible errors
introduced by such uncertainties is estimated, in so far as this is
possible. The plausibility of the method used to check our calcula-
tions of the solar equivalence of tidal exergy is examined. Finally,
the implications that the new calculation methods for determining
the solar equivalence of Earth’s deep heat ﬂow have for calculating
the emergy supplied to surface processes from within the Earth are
examined.
5.1. The efﬁcacy of emergy as a comprehensive accounting
mechanism
The maximum empower principle (Lotka, 1922a,b; Odum, 1996)
indicates that, over sufﬁciently long periods of time, the forces
of evolutionary competition will ensure that all available energy
ﬂows will develop feedbacks within the system that have effects
on increasing energy ﬂow in the system commensurate with their
production costs, i.e., in proportion to their minimum transformi-
ties or their transformities at maximum empower (Odum, 1996;
Campbell, 2001; Tilley, 2015). Thus, in a hierarchical system that
has had time to adapt to its inputs, as is the case for the Earth over its
4.6 × 109 year history, smaller, rarer, available energy inﬂows, e.g.,
the Earth’s deep heat and the tides would be expected to develop
more powerful amplifying effects per unit feedback within the sys-
tem. For example, research in plate tectonics during the 1960s and
1970s made it apparent that the Earth would be a dead planet, if
not for the relatively small ﬂows of available energy from within
the Earth driving plate movements (Sorokhtin et al., 2011). The
beauty and power of emergy accounting is that a single quality-
adjusted quantity (i.e., emergy measured as solar emjoules) can
be used to quantify all processes, products, and services derived
within the Earth’s geobiosphere on an equal basis by reference to
a planetary baseline for which the equivalences between the dif-
ferent exergy inﬂows to the system have been established. In this
way, all kinds of energy, material and information gain or loss in
the system can be accounted for in equal terms as solar emergy.
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hus far, no other accounting scheme has been able to achieve
uch a uniﬁed and comprehensive approach to quantifying the
alue of system components and ﬂows. Emergy evaluation and
nvironmental accounting in its present form would not be pos-
ible without establishing a planetary baseline that expresses the
isparate energy inputs from the sun, deep Earth heat and gravita-
ional attraction on a common basis ﬁrst as solar equivalent joules
seJ) by establishing the equivalences among the exergy inﬂows as
escribed above. Once the planetary baseline has been established
s solar equivalent exergy all quantities generated by Earth pro-
esses can be quantiﬁed as solar emergy, sej, i.e., by applying the
rack summing method beginning from the baseline, now uniﬁed
s one inﬂow of solar equivalent joules, where one seJ in the base-
ine is equal to 1 solar emjoules, sej of the emergy base supporting
he development of all subsequent planetary processes.
.2. The need for a new calculation of the planetary baseline
In Section 2.2, the reasons for recalculating the planetary base-
ine at this time were presented in detail. These reasons range from
he development and maturation of a new theory of the evolution
f the Earth (Sorokhtin et al., 2011) through geophysical misunder-
tandings in the formulation of models used to determine both the
quivalence between solar radiation and deep Earth heat ﬂow, and
olar radiation and the geopotential energy of the world oceans to
 simple misreading of Earth’s heat budget as reported in Sclater
t al. (1980). However, the misinterpretations derived from this
isreading led to major errors in the formulation and evaluation
f the energy sources contributing to “crustal heat”. Therefore, a
ew calculation of the planetary baseline was carried out in this
tudy.
.3. Is the emergy baseline of the Earth arbitrary?
It is a common notion in scientiﬁc and engineering studies
hat reference lines are arbitrary, when the results of analyses are
xpressed relative to the reference line; and therefore, the import
f such results does not change, if the reference line changes. The
ame is true of the results of emergy evaluations, when converted
rom one baseline to another, if only the relative changes between
tates or alternatives are to be considered. However, the value of the
mergy baseline will affect the outcome of an emergy evaluation,
hen adjustments are made to the baseline to avoid undercount-
ng (see Section 2.2.1). The scientiﬁc assumption that baselines can
e arbitrary is a powerful simpliﬁcation that allows research and
nalysis to answer questions in a relativistic manner without being
ncumbered by the often difﬁcult task of establishing the absolute
alue of variables. However, there are often bio-physical bound-
ries in a natural system where one set of boundaries or conditions
s more plausible as a baseline for analysis that other choices, e.g.,
ea level and the elevation divides that establish watersheds. Also,
he choice to use emergy methods can imply that the investigator is
ringing into play a deeper level of understanding about the bound-
ries and baselines that may  be appropriate for a system that is
rounded in thermodynamics. At this deeper level of characteriza-
ion, the choice of a planetary baseline is not entirely arbitrary, and
lternatives can be discriminated as better or worse based on their
onformation, or lack thereof, to observations and to the principles
f Energy Systems Theory (Odum, 1994, 1996).
Speciﬁcally, the operation of the maximum power principle
Lotka, 1922a,b) leads to testable corollaries, such as the predictions
hat (1) the power of an input to organize its system is expected to
e proportional to the emergy delivered to the system by that input
nd (2) the emergy delivered by inputs with lower transformities
ill be matched by inputs with higher transformities, to make prod-
cts of intermediate transformity, so that the emergy delivered bylling 339 (2016) 96–125 115
both sources will be maximized over time. Predictive principles,
such as these can be useful in discriminating between alternative
baselines from the standpoint of their consistency with the Energy
Systems Theory (Table 1). For example, when the fraction of solar
equivalent energy input from each of the quasi-independent energy
sources to the Earth was  calculated for the present time, the fraction
of the solar equivalent energy delivered by the inputs was  revealed
to be approximately 1/3, 1/3, 1/3, which is consistent with the pre-
diction of Energy Systems Theory that an optimum matching of
high (tidal exergy), intermediate (Earth deep heat exergy) and low
(solar exergy) quality inputs will develop over time in the Earth’s
geobiosphere. As a result, the empower contributed to the system
by each of the interacting quasi-independent inputs is maximized
(Table 9). This is an important result that strongly suggests that
the emergy baseline of the Earth is not arbitrary, because the Earth
system appears to have evolved toward the matching of inputs to
attain maximum power over time.
5.4. Evaluated models used to determine the solar equivalence of
tidal geopotential energy
The formulation of the models used to determine the equiv-
alences between solar radiation and the geopotential energy
dissipated annually by the tides differ from those used in most past
studies. First, estimates are presented for two states of the Earth
system, with and without ice-covered polar oceans, which differ
in their potential to generate geopotential energy from the solar
exergy received (Oort et al., 1994). Calculation of the solar trans-
formity of the tides is based on the available energy dissipated in the
oceans, rather than on the available energy generated, and thus it
includes the annual ﬂow of both potential and kinetic energy (Oort
et al., 1994). In this study, it was recognized that the numbers in
Oort et al. (1989, 1994) should be applied to the solar portion of the
geopotential energy only and thus the tidal geopotential energy
dissipated in the oceans (3.5 TW)  was  added to the geopotential
generated by solar processes to get the total in Table 6. Sufﬁcient
information was given in these two  papers to allow us to calculate a
turnover time for the annual geopotential energy generated in the
world oceans (1.36 y), which was  assumed to be 1 year in Campbell
(2000a) and Odum (2000). The total geopotential exergy dissipated
in the world oceans for a world without ice-covered polar oceans
(2.70 × 1020 J y−1) includes the amount dissipated annually derived
from solar energy (1.60 × 1020 J y−1) plus the amount dissipated
annually by the ocean tides (1.10 × 1020 J y−1).
In all evaluations, the pull of the gravitational forces of the Moon
and Sun create geopotential energy in the oceans; however, the
role of Earth heat ﬂow in creating oceanic geopotential energy is
treated differently in our model compared to the models of Odum
(2000) and Brown and Ulgiati (2010). The method used in the cur-
rent paper for establishing equivalence between solar radiation
and the oceanic geopotential energy dissipated by the tides was to
quantify the solar-based processes generating geopotential energy
in the oceans on the scale of one year. The long term effects of
the Earth Cycle on tidal geopotential energy dissipated are handled
separately using a model that depicts this change as a modiﬁca-
tion of the relative efﬁciency of the position of the land masses on
the surface of the Earth as “a machine” for generating tidal geopo-
tential energy. In contrast, Odum (2000) and Brown and Ulgiati
(2010) used a highly aggregated model of the Earth system to make
estimates of the solar transformity of the annual generation of thetributes to the annual creation of geopotential energy in the world
oceans on an equal basis with the annual solar and tidal exergy
generation processes. This model, as shown earlier (Section 2.2.3),
is only valid over very long time scales.
1 l Mode
5
e
o
a
a
l
m
d
f
c
b
l
h
c
i
w
e
ﬁ
a
o
r
m
f
T
u
a
p
a
(
t
q
g
w
o
f
T
b
s
l
w
a
s
c
(
t
H
i
(
e
c
o
m
b
w
e
f
b
d
d
i
o
relative contributions of the exergy of solar radiation, deep Earth
heat, and tidal energy in the planetary baseline.16 D.E. Campbell / Ecologica
.5. Evaluated models of the generation of oceanic geopotential
nergy over long time periods
The long term variability of tidal exergy generation in the world
ceans was modeled explicitly as shown in the ESL models in Fig. 1A
nd B. In contrast, the available energy ﬂows driving this variability
re subsumed within the determination of the present equiva-
ences between solar radiation and tidal geopotential energy in the
odels used by Odum (2000) and Brown and Ulgiati (2010). The
ata in Kagan (1997) indicate that the efﬁciency of this “machine”
or generating tidal exergy varies over long time periods with the
hanging position of the continents on the surface of the Earth,
ecause the tidal geopotential energy generated in the oceans is
argely dependent on the resonant frequencies set up by the tidal
armonics interacting with the basin sizes that are created by the
hanging position of the continents (Kagan, 1997). This interaction
s indicated in Fig. 1 by the variable coefﬁcient, kv, which is located
ithin a box indicating the process generating tidal geopotential
nergy. This coefﬁcient represents the variable efﬁcacy of the con-
guration of the continents in generating tidal geopotential energy
nd the resulting variability in tidal exergy dissipation in the world
ceans over long time periods. In a plot of the time history of the
elative efﬁciency of the tidal exergy generation process (Fig. 5), the
agnitude of this variability ranges from 0.27 times the base ice-
ree value at 2.8 × 108 y BP to 1.46 times this value at 8.0 × 108 y BP.
he average coastal system in the world would look very different
nder this degree (5.4 fold) of variability in tidal exergy generation
s can be inferred from examining the emergy signatures of and
hysical conditions in Cobscook Bay, ME,  a macro-tidal system,
nd Mosquito Lagoon, FL, a system with low tidal exergy inputs
Campbell, 2000b).
In this study, the slow movement of the continental plates over
he surface of the Earth is recognized to have resulted in two
uasi-stable states of the Earth’s surface that are responsible for
enerating different quantities of solar geopotential energy in the
orld oceans (Oort et al., 1994). As a result, the presence or absence
f polar ice-covered oceans results in two different solar trans-
ormity regimes for the generation of tidal exergy in the oceans.
he coefﬁcients k1 and k2 (Fig. 1A and B) located within the small
oxes indicating the process of geopotential energy generation by
olar processes, respectively; represent the state of the world with
and masses distributed around polar oceans and the state of the
orld with the continental land masses distributed so that there
re no ice-covered polar oceans. The time series estimates of the
olar transformity of the ocean tides (Fig. 4) and the data needed to
alculate them are shown for these two modes of the Earth System
Fig. 1).
Due to the resolution of the data, 38 × 106 y BP was plotted as
he transition point between a world with and without polar ice.
owever, the actual transition point is somewhere between the
nitiation of the growth of ice sheets in Antarctica at 34 × 106 y BP
Deconto and Pollard, 2003) and 8.0 × 106 BP, the time when Zachos
t al. (2001) indicate that the transition to a world with heavily ice-
overed polar oceans was complete. As a result, the current state
f the Earth’s surface and the planetary baseline derived from it
ay  be somewhat younger than indicated by the transition point
etween ice-free and ice-covered polar oceans used in the ﬁgures.
The historical variability of the tidal exergy generated in the
orld oceans indicates that the transformity of the geopotential
nergy created from solar sources sets the larger system context
or the generation and dissipation of tidal exergy. Therefore, the
ase transformity for the two ocean regimes mentioned above is
etermined by the solar transformity of the geopotential energy
issipated from solar sources. The amount of tidal exergy dissipated
n the oceans at any particular time will be a function of the efﬁcacy
f the conﬁguration of the continents in producing tidal resonance;lling 339 (2016) 96–125
thereby, generating more or less tidal exergy in the world oceans
over time. Such variations will account for a greater or lesser role of
tidal exergy in the planetary baseline and in its power to organize
the geobiosphere, subject to the solar geopotential energy regime
currently in operation.
5.6. Evaluated models used to establish the solar equivalence of
the Earth’s deep heat ﬂow
Both Odum (2000) and Brown and Ulgiati (2010) combined their
models for evaluating the solar equivalence of crustal heat ﬂow
with their model for determining the solar equivalence of the tidal
geopotential energy to generate a system of two  equations and two
unknowns, which they solved for the solar equivalences of the two
inputs. Putting aside the problems related to the errors in Odum
and Odum (1983)’s evaluation of the Earth’s heat budget (Section
2.2.2.2), these models represent depictions of the Earth system that
are only valid over very long time periods, yet they are applied
to analyze the annual generation of exergy ﬂows. In contrast, the
model shown in Fig. 2 evaluates a particular process, i.e., the Earth
Cycle, on the basis of one year, which at this scale is driven by ero-
sion of the continents and by deep heat ﬂowing from the mantle to
the surface, driving convection in the mantle and the tectonic pro-
cesses of the Earth, i.e., uplift from plate movements and isostatic
processes.
Fig. 2 shows that the heat generated by gravitational attraction
on the solid Earth is distributed throughout the body; therefore,
it cannot make a positive contribution to the deep heat gradient
of the Earth. Furthermore, the heat dissipated by tidal friction on
the bottom of the ocean cannot increase the heat gradient driving
Earth processes, since it warms  the low temperature endpoint i.e.,
the ocean bottom. This is different from the models used by Odum
(2000) and Brown and Ulgiati (2010), who  did not evaluate a partic-
ular process to determine the equivalence between deep Earth heat
and solar radiation. Instead they determined the transformity of a
constructed geophysical quantity that they called “crustal heat”. In
Odum (2000), this heat ﬂow is largely composed of the heat ﬂow
from mantle convection, which was  missed in translating the heat
budget of Sclater et al. (1980). In the model in this paper, the heat
from radioactive decay generated in the Earth’s crust does not con-
tribute to the heat gradient driving tectonic processes (Sclater et al.,
1980; Sorokhtin et al., 2011). However, it is a contributor to crustal
heat in the models of Odum (2000) and Brown and Ulgiati (2010).
A problem arises with the concept of “crustal heat”, because the
decay of radioactive elements in the lithosphere is a “dead” geo-
logic process14, i.e., this heat ﬂow makes little, if any, contribution
to the dynamic tectonic processes of the Earth (Sorokhtin et al.,
2011). To calculate the solar equivalence of the exergy of deep heat
ﬂow driving tectonic processes, i.e., plate and isostatic uplift, the
exergy dissipated in eroding mass from the surface of the conti-
nents was  assumed to be equivalent to the exergy dissipated in the
uplift of an equal mass of rock from below sea level to some average
height above sea level. The ratio of the solar equivalent exergy of
the exergy dissipated by the eroded mass to the Earth heat exergy
of the exergy of the uplifted mass is then equal to the solar exergy
equivalence of deep Earth heat. This concept is relatively easy to
understand and it results in a plausible relationship between the14 The decay of radioactive elements in the crust is considered to be ineffec-
tual  in terms of driving tectonic process, because they have been separated by
density-chemical differentiation into the less dense lithosphere, and thus removed
from contributing to the heat gradient driving the tectonic processes of the Earth
(Sorokhtin et al., 2011).
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.7. Evaluated models of the solar equivalence of Earth heat ﬂow
ver long time periods
The geologic processes operating the Earth Cycle were evaluated
ver the past 555,000,000 y as described in Tables A3 and A4 using
ata on erosion from Wilkinson and McElroy (2006) and data on
ther ancillary parameters from Sorokhtin et al. (2011). Erosion is
easured in three ways by Wilkinson and McElroy (2006): (1) over
ong periods of time from the lower Cambrian up to the Pliocene, it
as measured by the volume of sedimentary rock deposited in the
ifferent geologic time periods, (2) in recent times, i.e., starting in
he Pleistocene, it was measured by the transport of sediment by
arge rivers and (3) in the present the estimate included runoff from
gricultural lands. In order to establish a modern baseline prior to
ajor anthropic alterations of the cycles of the elements (Campbell
t al., 2014), an estimate of erosion based on the ﬂow of large rivers
as used to represent erosion in the present time (value in red
nd underlined in Table A4). In the future, it may  be worthwhile to
ook at the inﬂuence of humanity on the mass ﬂux of sediments,
omparing erosion including agriculture with erosion based on the
ransport of sediments by large rivers alone.
.8. Energy, exergy and emergy basis for the geobiosphere
The exergy basis for the geobiosphere indicates that the Sun is 3
rders of magnitude greater than the exergy of Earth heat ﬂow and
 orders of magnitude greater than the exergy inﬂow from the grav-
tational attraction of the Moon and Sun. If exergy was  indicative of
he organizing power operating the geobiosphere, the work done
ould be almost entirely explained by the input of solar exergy as
as assumed by Chen et al. (2010) in their cosmic exergy account-
ng method and there would be little need to consider the work of
he Earth heat ﬂows and the tides within the system. Emergy gives
 different picture of the processes driving the organization of the
arth (Fig. 7). Once the inputs have been adjusted for the quality of
he exergy, solar radiation and deep heat ﬂow from the Earth are
hown to have contributed approximately equal organizing power
o the geobiosphere over the past 5.55 × 108 y; whereas, the orga-
izing power contributed by tidal exergy has ranged from 22% of
he solar emergy inﬂow in the Early Permian, 2.80 × 108 y BP, to
09% of the solar input in the Early Cambrian, 5.55 × 108 y BP. The
resent generation of tidal emergy in the geobiosphere is in the
pper portion of its range over the past 5.55 × 108 y and the aver-
ge tidal emergy inﬂow over the entire time period is only 64% of
he currently inﬂowing solar exergy. Therefore, at the present time,
he coastal regions of the world are comparatively rich in emergy
nﬂow and the organizing power delivered to these ecosystems is
igh.
In review, the similarity between the equivalences established
etween solar exergy and the exergy of the deep Earth heat ﬂow
nd tidal geopotential to simple ratios of the energy inﬂows of solar
nergy to Earth heat energy and tidal energy was brought forward.
hese relationships are now examined in Appendix B, Table B1.
hile there is no immediate causal connection between the energy
nﬂows of the sun, Earth deep heat, and tide, these ﬂows are the
nderlying basis for the exergy calculations applied in this study,
o perhaps it is not surprising that there are some similarities in
he two sets of ratios. However, these ratios are also quite differ-
nt, especially with regard to the transformity of the Earth’s deep
eat ﬂow, which was 49.2% greater than might be expected from
 simple ratio of the energy ﬂows. Similarly, the transformity of
he tide for ice-free polar oceans, which was 26.7% greater than
ight be expected based on the energy ratio of solar to tidal energy
Table B1). The calculations in this paper are carefully supported
ith logical arguments and data, whereas there is no apparent jus-
iﬁcation for thinking that simple ratios of the energy inﬂows wouldlling 339 (2016) 96–125 117
give reasonable approximations to the equivalences sought. Nev-
ertheless, these energy ratios are in the general “vicinity” of the
exergy ratios calculated here. Even though it is the exergy ﬂows
that are determining the equivalences in this paper, a working
hypothesis is that the relationships of solar energy to the other two
energy inﬂows will also move toward values consistent with con-
dition in which each of the different quality inputs are contributing
approximately equal organizing power, i.e., emergy.
5.9. The choice of an emergy baseline for carrying out emergy
evaluations and its future
The pattern of the emergy baseline over the past 5.55 × 108 y has
been driven by the variation in the tidal emergy generated (Fig. 7),
which in turn has been determined by the conﬁgurations of the con-
tinents created by their slowly changing positions. For the practical
purpose of carrying out emergy evaluations in a uniform man-
ner, a value for the emergy baseline must be chosen. The present
value of the baseline is 1.16 × 1025 seJ y−1 and its average value
over the past 5.55 × 108 y is 1.00 × 1025 seJ y−1± 1.13 × 1024 seJ y−1.
While it is tempting to recommend the value 1.00 × 1025 seJ y−1
because of its simplicity, emergy evaluations and transformities
should probably be referenced to the current value of the base-
line, which is 1.16 × 1025 seJ y−1 in this study. Adjustments off of
this baseline can be made using the 1/3, 1/3, 1/3 distribution of
organizing power among the inﬂows. As mentioned earlier, this
distribution of organizing power among the emergy inﬂows to the
Earth can be predicted from the principle of emergy matching to
achieve maximum empower in a network of ﬂows.
EST posits that the geobiosphere or any other system must be
exposed to a given spectrum of emergy inﬂows for a sufﬁcient
period of time to adapt its structure and function to the system’s
prevailing emergy signature (Campbell, 2000b). Rapid or sudden
changes in the relationships of the inﬂows may  result in pertur-
bations to the system during the time necessary for adaption to
the new signature. The current decrease in polar ice over the Arctic
ocean (Comiso, 2002) that appears to be driven by increasing tem-
peratures at high latitude (Rothrock and Zhang, 2005) that, in turn,
may  be a consequence of increased atmospheric CO2, represents
a change in the geobiosphere that may result in a potentially sig-
niﬁcant change to the planetary baseline. If the decrease in Arctic
sea ice continues over the next 100 years as predicted in Comiso
(2002), the planetary emergy baseline and the organizing power
of the tides may  move temporarily toward the values for a world
with ice-free polar oceans (Table 10). However, if the present polar
ice melts, the geobiosphere will need time to adjust its network of
ﬂows to maximize empower in the new state. Nonetheless, the ice-
free state is probably transient, because the supplies of fossil fuel
that are the source of excess CO2 in the atmosphere are ﬁnite. In
addition, Sorokhtin et al. (2011) predict that the long term trend of
the Earth is toward a colder climate and the continuation of polar
ice-covered oceans.
5.10. Uncertainty in the models and data used
This study relied on a particular, self-consistent treatise on the
evolution of the Earth (Sorokhtin et al., 2011) to provide the back-
ground information that along with other data has allowed us to
carry out the historical portion of this study. Sorokhtin et al. (2011)
is predicated on the assumption that the primordial Earth was  a
cold body with homogenously distributed matter. Conventional
wisdom in Europe and America follows the assumption that the
Earth began as a hot body. This distinction is important for the early
history of the Earth, but it makes little difference for our study of the
emergy baseline over the past 5.55 × 108 y, because by this time the
heat ﬂow from the Earth under both models has stabilized and is in
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 smooth near linear decline (Fig. 6). For example, Fig. 6 in Labrosse
nd Jaupert (2007) gives a present oceanic heat ﬂow of 34 TW from
 model of the average secular cooling rate of the Earth, which gives
n estimate of the transformity of deep Earth heat of 4222 seJ J−1,
hich is practically identical to the estimate obtained from data
erived from a cold core origin.
In general, much of the scientiﬁc knowledge about the interior of
he Earth has been gained by inference and this condition has gener-
ted and continues to generate controversy. In this study, plausible
stimates for all of the parameters used were documented, but in
ll cases other data and opinions might have been chosen instead.
his uncertainty in the body of geophysical research is acknowl-
dged; therefore, in the future geophysicists may  develop a better
nderstanding of the processes upon which this evaluation of the
lanetary baseline of the Earth is based.
.10.1. Uncertainty in the data used to calculate the solar
ransformity of the tides
The values for the available energy of the tides are fairly
ccurate, since they are based on astronomical considerations
Sorokhtin et al., 2011); however, the most accurate values are the
stimates of the M2 tidal component, which is the largest compo-
ent of tidal exergy. The value of the M2 component (2.5 TW)  has
ecently has been veriﬁed empirically (2.436 ± 0.009 TW)  through
aser altimetry (Egbert and Ray, 2000). This measured value is
ithin 2.6% of the theoretically determined value. In general,
 reduction in uncertainty of the estimates of tidal exergy has
esulted from more complete measures of the tidal exergy inﬂows.
imilarly, improvements in the estimates of oceanic geopotential
nergy have been associated with incorporating more complete
ata on the inputs or through obtaining a better understanding of
he nature of the physical system under study.
For example, in Odum (2000) the amount of tidal energy input
o the oceanic geopotential energy (2.7 TW)  is only that dissipated
n shallow water by the lunar semidiurnal components (Miller,
966), whereas Brown and Ulgiati (2010) used the total tidal energy
eceived by the oceans and the solid Earth (3.7 TW)  from Munk and
unsch (1998). The data from Munk and Wunsch (1998) is more
omplete, since it includes the oceanic lunar semidiurnal compo-
ents, the other lunar components, as well as the solar diurnal
omponents along with the tides in the solid Earth. This more com-
lete estimate of the tidal input is 37% larger than the original inputs
onsidered in Odum (1996). The tidal energy input to models in
ig. 1 (3.5 TW)  is 29.6% larger than the input used by Odum (1996),
hus the uncertainty of the estimate is reduced by incorporating
he more complete measures of the tidal energy inﬂows. Of course,
his assumes that the model including the more complete ﬂows is
orrect in the ﬁrst place.
Odum (2000), Campbell (2000a,b) and Brown and Ulgiati (2010)
sed 2.14 × 1020 J y−1 from Oort et al. (1989) as an estimate of
he total oceanic geopotential energy created annually. In this
tudy, the uncertainty of this number was reduced by incorporat-
ng insights from Oort et al. (1994), who pointed out the number
n Oort et al. (1989) actually refers to conditions in a world with
ce-free polar oceans. Reformulating the relationship resulted in a
easure of the total geopotential energy for a world without ice-
overed polar oceans that is 26% larger than the original number.
owever, when the ice-covered polar oceans today are consid-
red the reformulation results in a corrected number for the total
eopotential energy of the oceans that is only 2.3% larger than the
umber used in the papers listed above. In this case a reduction
n model uncertainty did not lead to a large change in the value
f the estimate, but the overall calculation becomes considerably
ore certain because a valid model of the physical process was
sed.lling 339 (2016) 96–125
5.10.2. Uncertainty in the heat budget of the Earth
The principal uncertainty in measuring the heat ﬂow through
the surface of the Earth involves the question of the existence
and magnitude of hydrothermal heat ﬂows through the ocean bot-
tom. The problem arises from the fact that there is a discrepancy
between the heat ﬂow measured at the seaﬂoor and the higher
values of heat ﬂow predicted by models of the cooling lithosphere
(Stein and Stein, 1994). Hydrothermal ﬂows through the crust that
remove heat are hypothesized to be the explanation of this discrep-
ancy. Speciﬁcally, the heat ﬂux measured near mid-ocean ridges is
considerably less than one would predict from the magmatic heat
sources present there (Elderﬁeld and Schultz, 1996). Objections
to the attribution of large heat ﬂows to hydrothermal circulation
focus on the models used to predict these heat ﬂows (Parsons and
Sclater, 1977; Stein and Stein, 1994). Hofmeister and Criss (2005)
criticize these models based on their use of a constant coefﬁcient
to estimate heat ﬂux; whereas, they argue that this coefﬁcient is a
function of temperature; and therefore, decreases with depth lead-
ing to heat ﬂows smaller than predicted. They also argue that large
hydrothermal ﬂows away from the Mid-Ocean Ridge axis are not
expected.
However, there is physical evidence supporting the existence
and magnitude of hydrothermal ﬂows from observations and mea-
surements made on the ocean bottom (Corliss et al., 1979; Mottl
and Wheat, 1994). Measurements taken around the Galapagos
rift indicated that 2/3 of the heat lost from new oceanic litho-
sphere may  be lost through thermal springs (Corliss et al., 1979).
Another study of this area (Williams et al., 1974) using a samp-
ling grid of 71 stations found that about 80% of the heat released
near the ridge crest came from hydrothermal ﬂows. Most authors
(Table 7) accept the characterization of the Earth’s heat budget
that includes hydrothermal ﬂows of about 9 TW (Elderﬁeld and
Schultz, 1996). However, Davies and Davies (2010) also provide an
estimate of 36 TW for Earth heat ﬂow without considering hydro-
thermal circulation. If hydrothermal circulation was removed from
three of the heat budgets shown in Table 7, the solar exergy equiv-
alence of deep Earth heat would be 5650 seJ J−1 or 35% greater
than our average estimate of 4200 seJ J−1, which includes the
heat ﬂow from hydrothermal circulation. Both the conventional
wisdom of geophysicists and the body of evidence to date indi-
cate that hydrothermal ﬂows contribute to the heat ﬂux through
the surface of the Earth; therefore, this perspective was used in
determining the planetary baseline of the Earth. Variability in the
measurements of the heat ﬂow driving tectonic processes was
shown to be ±5% for 6 heat budgets that included hydrothermal
ﬂows.
5.10.3. Reduction in data and model uncertainty as a result of the
new baseline calculation
By discovering and correcting the errors incorporated in the
baseline estimates of Odum and Odum (1983), Odum (1996) and
Campbell (2000a) and by comparing these earlier estimates to the
current analysis, estimates of the reduction of uncertainty in the
baseline calculation related to the data and models used can be
made. Comparing Odum (1996) to Campbell (2000a,b) and recog-
nizing that the model used in Campbell (2000a) to calculate the
tidal energy input is a methodological improvement over Odum
(1996), the uncertainty in the baseline estimate was reduced by
1.9% (9.44–9.26)/9.26). If the corrected heat budget and the cor-
rected value for the geopotential of the world oceans are mainly
responsible for the difference between the current estimate of the
baseline and that made by Odum (1996) and Campbell (2000a),
correcting the data accounted for a reduction of 17.2% and 18.8%,
respectively, in the uncertainty of the baseline estimates. Finally,
if the baseline estimates of Odum (2000) and Brown and Ulgiati
(2010) differ from the current estimate, because of differences in
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oth the models and data used to determine the baseline, the cur-
ent estimate results in decreasing the uncertainty of the estimate
f the baseline by 38.9% and 33.3%, respectively. These reductions
n uncertainty depend on the likelihood that the data used in this
tudy is more accurate than that used in earlier studies and that the
odel used in this study is more plausible than earlier models.
.11. Implications of the present study for the emergy evaluation
f Earth processes
The Earth Cycle is the fundamental geologic process that makes
he Earth a “living” planet, i.e., a planet with an active surface crust,
nlike the Moon, which is not presently a tectonic body. Other
arth processes, e.g., volcanism, earthquakes, may  have different
ransformities and will have to be evaluated in the future.
In addition, the method for calculating the emergy input from
arth processes to landforms will have to be done differently
ased on results in this study. Because radioactive decay in the
arth’s crust does not contribute to the available energy driv-
ng the Earth Cycle, future emergy evaluations should remove
he heat generated by radioactivity from the heat ﬂux measured
n bore holes before applying the transformity for Earth heat to
stimate the emergy inﬂow. Estimates of heat generation from
adioactive decay are often reported with heat ﬂux measurements.
lso, an appropriate Carnot ratio should be applied to this heat
ow to obtain available energy before multiplying by the transfor-
ity of deep Earth heat as proposed earlier by Brown and Ulgiati
2010).
.12. A check on the primary calculation used to estimate the
olar transformity of tidal exergy
In theory, the transformity of a process obtained from apply-
ng Euclid’s Axiom can be checked by analyzing another process
o which the two quantities also contribute. However, prior to this
tudy, a second global process that could be used to check a value
btained from an evaluation of a ﬁrst process was  not known. As
escribed above, the solar transformity of tidal exergy was  checked
y relating the kinetic energy of plate movements driven by deep
arth heat to the kinetic energy of the lithosphere rotated west-
ard over the mantle by tidal forces. This method gave plausible
esults when compared to the estimate of the transformity of the
ides derived from an analysis of the work of solar radiation and
he gravitational attraction of the Moon and Sun in generating the
eopotential energy of the world oceans. Although the second cal-
ulation that was used to check the ﬁrst had a large uncertainty,
he most probable value corresponded closely to the estimate of
he solar transformity of the tides obtained from the ﬁrst method.
hen similar values are obtained by this method of “triangulating”
n the value of a transformity (Bastianoni et al., 2005) conﬁdence
n a calculation is increased and uncertainty is reduced, because of
he mutual reinforcement of predictions generated by independent
valuations of different processes.
. Conclusions
Emergy evaluation provides a universal accounting system that
an be applied to determine the value of all quantities that have
 known production function in terms of the available energy and
mergy required to have that quantity as a part of the system. The
vailable energy of all quantities within the geobiosphere of the
arth can be converted to emergy through multiplication by an
ppropriate transformity (sej J−1), which has been established by
valuating a production process relative to the Earth’s planetary
olar equivalent energy baseline.lling 339 (2016) 96–125 119
In this paper, the fundamental epistemological obstacle to
establishing a uniﬁed planetary baseline was  overcome by using
the transitive property of equalities to estimate the equivalences
between solar exergy and the Earth’s deep heat exergy ﬂow
(4200 seJ J−1) and between solar exergy and the exergy dissipated
by the tides in the world oceans (35,400 seJ J−1). The planetary
baseline for the present condition of the Earth, i.e., with ice-
covered polar oceans, was found to be 1.16 × 1025 seJ y−1 with
the organizing power of the inputs distributed as follows: 1/3
solar radiation, 1/3 deep Earth heat and 1/3 tidal geopotential
energy.
The time history of variations in the planetary baseline was  cal-
culated and it was found to have been remarkably stable over the
past 555,000,000 y (i.e., 1.00 × 1025 ± 1.13 × 1024 seJ y−1 or ± about
11%). The primary way  that the Earth Cycle affects the geopotential
energy dissipated in the world oceans is through the effect of the
position of the continents on the harmonic resonance of the ocean
basins. Over the past 5.55 × 108 y the relative efﬁciency of the Earth
as a “machine” for generating tidal geopotential exergy has varied
from 31% to 155% of its present value.
Analysis of the data uncertainty associated with this baseline
estimate, e.g., ±5% in the estimate of the deep heat ﬂow suppor-
ting the Earth Cycle, indicates that this estimate of the baseline is
within the ±15% or better bounds for data quality recommended
for emergy evaluations (Campbell and Ohrt, 2009). However, model
uncertainty can introduce larger errors, e.g., the standard devi-
ation of the 5 baselines estimates made using different models
was ±24%.
In this paper, a major error and a minor error in the data
used in earlier calculations were corrected. Also, an argument
based on geophysical considerations was presented that the highly
aggregated models of the Earth system used by Odum (2000),
Brown and Ulgiati (2010) and Campbell et al. (2010) do not
give accurate equivalences between solar radiation and deep
Earth heat or between solar radiation and tidal geopotential
energy that are valid on the temporal scale of an annual emergy
evaluation.
The close correspondence of the properties of the new base-
line with the predictions made using the principles of EST indicate
that the baseline is not really arbitrary and that this new baseline
should be preferred over prior determinations. After the arguments
presented in this paper are vetted by the community of concerned
scientists and compared with other models for the estimation of
the baseline, emergy researchers might settle on a value close
to 1.16 × 1025 seJ y−1 as a plausible and agreed upon value of the
planetary emergy baseline to be applied in subsequent emergy
evaluations. Considering the variability of the historical baseline
(±11.3%) and the uncertainty in the determinations of the Earth
heat ﬂux of ±5% the value of the baseline could be rounded to
1.2 × 1025 seJ y−1, which also conforms with the average of the
baseline estimates in three current studies of the emergy base-
line of the planet (Brown and Ulgiati, DeVilbiss et al. and this
study).
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able A1
stimates of the available energy of the ocean tides based on the past history of the M2 t
ased  on a model of tidal resonance (Kagan and Maslova, 1994).
Time period Time years 106 BP M2 averagea (TW
Archeand 2500 3.689 
Paleo  Proterozoicd 2000 1.660
Meso  Proterozoicd 1500 1.402
Early  Ryphean 1000 2.090 
Late  Ryphean 800 4.740 
Wendian 600 2.360 
Early  Cambrian 555 4.300 
Late  and Middle Ordovician 465 3.875 
Late  Ordovician 450 3.500 
Middle Silurian 420 2.900 
Middle and Early Devonian 380 1.185 
Early  Carboniferous 335 1.100
Late  Carboniferous 307.5 0.820 
Early  Permian 280 0.540 
Triassic 202.5 1.203 
Late  and Middle Jurassic 147.5 0.830 
Middle Cretaceous 97.5 1.775
Late  Cretaceous 70 1.600 
Early  Paleocene 63 1.550 
Early  Eocene 53 1.390 
Late  and Middle Eocene 47 3.120 
Early  Oligocene 38 2.230 
Early  Miocene 20 1.360 
Late  Miocene 10 2.415 
Present 0 2.628 
a Average values of the major lunar semidiurnal tidal component, M2, were obtained 
agan  and Kivman, 1995; Ooe, 1989; Sundermann and Brosche, 1978) given in Kagan (19
b The available energy of ocean tides was estimated from the average values of the M
unar  components of the tide by multiplying it by the ratio (1.314) of all lunar component
nergy  dissipation (2.436 TW)  obtained from satellite altimetry data (Egbert and Ray, 20
atellite altimetry observations by multiplying it by 0.927. Next, the solar component of 
een  relatively constant over time. Finally, the Earth tide was subtracted, which was assu
y  Munk and Wunsch (1998), to obtain the available energy of the ocean tides from 2500
c The ocean tides in TW were multiplied by 1012 and the number of seconds in a year t
d Tidal energies dissipated in the Archean and the Meso and Paleo Proterozoic Eras were
he  reference line using a resonance lifetime of 0.02 in model of Kagan and Maslova (199
he  continents (Fig. 3 in Kagan, 1997).
able A2
stimates of the transformity of the available energy of ocean tides based on the sola
ransformities of the tide are estimated over the past 2.5 × 109 years based on both the so
t  the Earth’s surface, Ra . The solar transformity of the ocean tides is reported for an Earth
ears to 3.8 × 107 years BP). The transformity of the ocean tides is also reported based on
Time years
106 BP
Rr , solar
received
(J  y−1)
Ra , solar
absorbed
(J y−1)
Total tide
(J  y−1)
Ocean tides
(J y−1)
Tot
sip
(J y
2500 5.1E + 24 3.57E + 24 1.16E + 20 1.10E + 20 2.5
2000  5.18E + 24 3.63E + 24 5.24E + 19 4.97E + 19 2.0
1500  5.26E + 24 3.68E + 24 4.42E + 19 4.20E + 19 1.9
1000  5.34E + 24 3.74E + 24 9.61E + 19 9.09E + 19 2.4
800  5.36E + 24 3.75E + 24 1.98E + 20 1.87E + 20 3.4
600  5.38E + 24 3.76E + 24 1.06E + 20 1.01E + 20 2.5
555  5.4E + 24 3.78E + 24 1.81E + 20 1.71E + 20 3.2
500  5.42E + 24 3.79E + 24 1.73E + 20 1.64E + 20 3.2
465  5.42E + 24 3.8E + 24 1.65E + 20 1.56E + 20 3.1
450  5.43E + 24 3.8E + 24 1.50E + 20 1.42E + 20 3.0
420  5.43E + 24 3.8E + 24 1.27E + 20 1.20E + 20 2.7
380  5.44E + 24 3.81E + 24 6.13E + 19 5.80E + 19 2.1lling 339 (2016) 96–125
Appendix A. Tables of historical data used in calculating the
emergy baseline of the Earth over the past 555,000,000 yearsIn Appendix A, large numbers are written in exponential format
commonly used in engineering studies, instead of scientiﬁc nota-
tion. For example, one million = 1.0E + 6 = 1.0 × 106 (Tables A1–A5).
idal component in terawatts over the last 1.0 × 109 years (Kagan, 1997) and earlier
) Ocean tidesb (TW) Available energy ocean tidesc (J y−1)
3.500 1.10E + 20
1.575 4.97E + 19
1.330 4.20E + 19
2.881 9.09E + 19
5.934 1.87E + 20
3.192 1.01E + 20
5.427 1.71E + 20
4.937 1.56E + 20
4.505 1.42E + 20
3.814 1.20E + 20
1.838 5.80E + 19
1.740 5.49E + 19
1.418 4.47E + 19
1.095 3.46E + 19
1.858 5.86E + 19
1.429 4.51E + 19
2.518 7.95E + 19
2.316 7.31E + 19
2.259 7.13E + 19
2.074 6.55E + 19
4.067 1.28E + 20
3.042 9.60E + 19
2.040 6.44E + 19
3.255 1.03E + 20
3.500 1.10E + 20
by averaging the estimates from four sources (i.e., Gotlib and Kagan, 1985, 1988;
97).
2 tidal component by ﬁrst adjusting the M2 estimate to account for the additional
s (3.2 TW)  from Munk and Wunsch (1998) to current measurements of the M2 tidal
00). Then Kagan (1997)’s average M2 value for the present was normalized to the
the tides (0.5 TW)  from Munk and Wunsch (1998) was added assuming that it has
med to be the same fraction of the total tidal energy (0.054) over time as that found
 × 106 y BP to the present.
o convert TW to J y−1.
 estimated as multiples of the present value. The values of the multiples came from
4). The reference line was  normalized by the consolidation-disintegration cycle of
r part of the total dissipation of geopotential energy in the world oceans. Solar
lar energy received at the top of the atmosphere, Rr , and the solar energy absorbed
 with polar ice (3.8 × 107 years BP to the present) and without polar ice (2.5 × 109
 the relative efﬁciency of the Earth as a “machine” for generating tidal exergy.
ala dis-
ation
−1)
Solar partb
(J y−1)
Solar Equiv.
ocean tide,
Ra (seJ J−1)
Solar Equiv.
ocean tide Rr
(seJ J−1)
Rel. efﬁciencyc
equivalence Ra
(seJ J−1)
9E + 20 1.48E + 20 24,111 34,445 28,020
0E + 20 1.50E + 20 24,111 34,445 62,266
5E + 20 1.53E + 20 24,111 34,445 73,737
6E + 20 1.55E + 20 24,111 34,445 34,043
3E + 20 1.56E + 20 24,111 34,445 16,528
7E + 20 1.56E + 20 24,111 34,445 30,725
8E + 20 1.57E + 20 24,111 34,445 18,071
1E + 20 1.57E + 20 24,111 34,445 18,925
3E + 20 1.57E + 20 24,111 34,445 19,863
0E + 20 1.58E + 20 24,111 34,445 21,768
8E + 20 1.58E + 20 24,111 34,445 25,713
6E + 20 1.58E + 20 24,111 34,445 53,352
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Table  A2 (Continued )
Time years
106 BP
Rr , solar
received
(J y−1)
Ra , solar
absorbed
(J y−1)
Total tide
(J y−1)
Ocean tides
(J y−1)
Totala dis-
sipation
(J y−1)
Solar partb
(J y−1)
Solar Equiv.
ocean tide,
Ra (seJ J−1)
Solar Equiv.
ocean tide Rr
(seJ J−1)
Rel. efﬁciencyc
equivalence Ra
(seJ J−1)
335 5.44E + 24 3.81E + 24 5.81E + 19 5.49E + 19 2.13E + 20 1.58E + 20 24,111 34,445 56,354
307.5  5.45E + 24 3.81E + 24 4.73E + 19 4.47E + 19 2.03E + 20 1.58E + 20 24,111 34,445 69,177
280  5.45E + 24 3.82E + 24 3.65E + 19 3.46E + 19 1.93E + 20 1.58E + 20 24,111 34,445 89,554
202.5  5.47E + 24 3.83E + 24 6.20E + 19 5.86E + 19 2.17E + 20 1.59E + 20 24,111 34,445 52,773
147.5  5.47E + 24 3.83E + 24 4.77E + 19 4.51E + 19 2.04E + 20 1.59E + 20 24,111 34,445 68,620
97.5  5.48E + 24 3.84E + 24 8.40E + 19 7.95E + 19 2.39E + 20 1.59E + 20 24,111 34,445 38,949
70  5.49E + 24 3.84E + 24 7.73E + 19 7.31E + 19 2.32E + 20 1.59E + 20 24,111 34,445 42,340
63  5.49E + 24 3.84E + 24 7.54E + 19 7.13E + 19 2.31E + 20 1.59E + 20 24,111 34,445 43,419
53  5.49E + 24 3.84E + 24 6.92E + 19 6.55E + 19 2.25E + 20 1.59E + 20 24,111 34,445 47,278
47  5.49E + 24 3.84E + 24 1.36E + 20 1.28E + 20 2.88E + 20 1.59E + 20 24,111 34,445 24,111
38  5.49E + 24 3.84E + 24 1.01E + 20 9.60E + 19 2.05E + 20 1.09E + 20 35,358 50,511 40,681
20  5.5E + 24 3.85E + 24 6.80E + 19 6.44E + 19 1.73E + 20 1.09E + 20 35,358 50,511 60,670
10  5.5E + 24 3.85E + 24 1.09E + 20 1.03E + 20 2.12E + 20 1.09E + 20 35,358 50,511 38,017
0  5.5E + 24 3.85E + 24 1.17E + 20 1.10E + 20 2.19E + 20 1.09E + 20 35,358 50,511 35,358
a Total dissipation of geopotential energy in the world oceans is the sum of the available energy of the ocean tide and the available energy of the solar part. The available
energy  of the ocean tides was calculated in Table A1 from data in Kagan (1997).
b The solar part of the geopotential energy of the oceans was  determined for an Earth with and without polar ice from data given in Tables 5 and 6. The efﬁcacy of solar
energy absorbed in creating the geopotential of the world oceans was allowed to vary over time under the assumption that as the solar radiation absorbed increased there
would be a proportionate increase in the solar part of the available energy of the ocean geopotential.
c The transformities of the tides based on the solar exergy absorbed for the two modes (i.e., with and without polar ice) were modiﬁed by the relative efﬁciency of the
conﬁguration of the continents in generating tidal exergy in each mode to obtain the transformities listed in this column. For example, the ratio of the tidal exergy dissipated at
time,  t, to the tidal exergy dissipated at time, t0, of a mode (0 or 38 × 106 y BP) was  multiplied by the solar transformity of the tide at t0 for that mode to give the transformities
in  column 10.
Table A3
Estimates of the available energy dissipated by land erosion over the last 542,000,000 years. The calculations in this table are based on the potential energy degraded to heat
by  a mass falling through a distance (Verhoogen, 1980) or U = gmh. In this table m converted to kilograms is the erosion mass ﬂux, h in meters is the average height of the
continents, and g is equal to 9.81 m s−2. The product was  multiplied by 0.5 to adjust for the center of the mass eroded to give the potential energy degraded to heat by erosion
of  the continents. Data are from Wilkinson and McElroy (2006) except as noted.
Time period Time years
106 BP
Area of continents
106 km2
Sediment deposited
106 km3 my−1
Erosion rate
(m my−1)
Erosiona mass
ﬂux (t y−1)
Heightb
continent (m)
Exergy of
erosion (J y−1)
Lower Cambrian 542 81.196 0.750 9.24 2.10E + 09 779 8.02E + 15
Middle  Cambrian 521 104.961 1.062 10.12 2.97E + 09 780 1.14E + 16
Upper  Cambrian 499 71.789 1.955 27.23 5.47E + 09 780 2.09E + 16
Ordovician 488.3 76.868 0.883 11.49 2.47E + 09 781 9.47E + 15
Silurian 443.7 76.879 1.245 16.20 3.49E + 09 782 1.34E + 16
Lower  Devonian 416 97.992 1.030 10.51 2.88E + 09 783 1.11E + 16
Middle Devonian 397.5 101.544 1.056 10.40 2.96E + 09 783 1.14E + 16
Upper  Devonian 385.3 113.043 1.424 12.59 3.99E + 09 783 1.53E + 16
Lower  Carboniferous 345.3 117.630 0.976 8.30 2.73E + 09 784 1.05E + 16
Upper  Carboniferous 318.1 123.078 0.557 4.53 1.56E + 09 812 6.21E + 15
Lower  Permian 299 131.126 0.662 5.05 1.85E + 09 812 7.39E + 15
Upper  Permian 270.6 144.157 2.778 19.27 7.78E + 09 813 3.10E + 16
Lower  Triassic 251 138.665 1.759 12.69 4.93E + 09 814 1.97E + 16
Middle Triassic 245.9 133.034 0.585 4.40 1.64E + 09 814 6.54E + 15
Upper  Triassic 228.7 142.200 1.213 8.53 3.40E + 09 815 1.36E + 16
Lower  Jurassic 199.6 133.739 0.791 5.92 2.22E + 09 815 8.86E + 15
Middle Jurassic 175.6 137.916 1.002 7.27 2.81E + 09 828 1.14E + 16
Upper  Jurassic 161.2 139.609 1.841 13.19 5.16E + 09 835 2.11E + 16
Lower  Cretaceous 140.2 113.860 2.634 23.14 7.38E + 09 843 3.05E + 16
Upper Cretaceous 99.6 134.087 3.390 25.28 9.49E + 09 844 3.93E + 16
Tertiary-Paleocene 65 130.228 4.776 36.68 1.34E + 10 845 5.54E + 16
Tertiary-Eocene 55.8 139.165 3.176 22.83 8.89E + 09 851 3.71E + 16
Tertiary-Oligocene 33.9 142.231 3.128 21.99 8.76E + 09 864 3.71E + 16
Tertiary-Miocene 23.03 139.519 2.417 17.33 6.77E + 09 871 2.89E + 16
Tertiary Pliocene 5.332 144.117 7.669 53.21 2.15E + 10 852 8.98E + 16
Pleistocenec 2.588 139.413 8.644 62.00 2.07E + 10 873 8.86E + 16
Holocened 0.0117 134.709 58.464 434.00 6.30E + 10 840 2.60E + 17
a Density of the continental crust was assumed to be 2.8 g/cc (Condie, 1993)
b Data from Sorokhtin et al. (2011).
c Data on the Pleistocene erosion mass ﬂux is taken form a separate data base on sedim
d Numbers in this row include estimates of erosion from agricultural lands.ent carried by large rivers in Wilkinson and McElroy (2006).
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Table A4
Determination of the solar equivalence of Earth Cycle exergy by equating the solar exergy of erosion with the Earth heat equivalence of total uplift (isostatic adjustment plus
uplift  from plate movement). Data on Earth heat ﬂows and temperatures from Sorokhtin et al. (2011). The erosion exergy in red and underlined is based on river sediment
ﬂux.
(a) Earth Cycle heat ﬂow is the energy of the Earth’s deep heat ﬂow driving tectonic movements of the Earth’s plates and isostatic processes. These ﬂows are based on the
cold  body theory of the Earth’s formation and can be found in Figs. 5–17 of Sorokhtin et al. (2011). (b) Data on the average mantle temperature are from Fig. 5.15 in Sorokhtin
et  al. (2011). (c) Data on sea ﬂoor temperature is from Fig. 14.1 in Sorokhtin et al. (2011). (d) The Carnot ratio is the difference between the average mantle and the ocean
bottom temperatures divided by the average mantle temperature. It indicates the fraction of the Earth’s deep heat ﬂow that is available to do work in the system. (e) The
Earth  Cycle heat ﬂow times the Carnot ratio gives the available energy driving the Earth’s tectonic processes. (f) The available energy of erosion is calculated in Table A3. The
exergy  of erosion at 555 × 106 y BP was assumed equal to that at 542 × 106 y BP. (g) The solar exergy equivalence of erosion is the solar available energy ﬂow absorbed at
the  Earth’s surface divided by the available energy of the mass removed by erosion (seJ J−1). (h) The Earth heat equivalence of the mass uplifted is equal to the Earth Cycle’s
available energy ﬂow divided by the available energy of the mass eroded, under the assumption that the available energy of the mass eroded is equal to the available energy
o olar e
t
tf  the mass uplifted to replace it over geologic time (e.g., 10 million years). (i) The s
he  ratio of the solar exergy of the available energy of the mass eroded to the Earth heat e
he  same mass, and therefore, the same available energy equivalent is being both erodedxergy equivalence of the Earth Cycle available energy ﬂow is estimated by forming
quivalence of the available energy of the mass uplifted under the assumption that
 and uplifted over geologic time.
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Table  A5
Planetary emergy baseline for the Earth from 555,000,000 y BP to the present.
Time years
109 BP
Solar exergy
(J  y−1)
Earth cycle
exergy (J y−1)
Ocean tidal
exergy (J y−1)
Solar equivalence Earth
cycle (seJ J−1)
Solar equivalence tidal
exergy (seJ J−1)
Planetary baseline
(seJ y−1)
0.555 3.778E + 24 1.235E + 21 1.713E + 20 3064 24,111 1.169E + 25
0.500 3.792E + 24 1.207E + 21 1.635E + 20 3083 24,111 1.146E + 25
0.465 3.796E + 24 1.188E + 21 1.558E + 20 3193 24,111 1.135E + 25
0.450 3.798E + 24 1.179E + 21 1.422E + 20 3216 24,111 1.102E + 25
0.420 3.801E + 24 1.155E + 21 1.204E + 20 3283 24,111 1.050E + 25
0.380  3.806E + 24 1.125E + 21 5.801E + 19 3370 24,111 8.997E + 24
0.335 3.811E + 24 1.098E + 21 5.492E + 19 3454 24,111 8.927E + 24
0.308 3.814E + 24 1.083E + 21 4.474E + 19 3503 24,111 8.685E + 24
0.280 3.817E + 24 1.067E + 21 3.456E + 19 3552 24,111 8.442E + 24
0.203 3.826E + 24 9.823E + 20 5.864E + 19 3860 24,111 9.032E + 24
0.148 3.832E + 24 9.597E + 20 4.510E + 19 3951 24,111 8.711E + 24
0.098 3.838E + 24 9.412E + 20 7.946E + 19 4028 24,111 9.545E + 24
0.070 3.841E + 24 9.301E + 20 7.310E + 19 4076 24,111 9.395E + 24
0.063 3.842E + 24 9.277E + 20 7.128E + 19 4087 24,111 9.352E + 24
0.053 3.843E + 24 9.241E + 20 6.546E + 19 4103 24,111 9.213E + 24
0.047 3.844E + 24 9.218E + 20 1.284E + 20 4113 24,111 1.073E + 25
0.038 3.845E + 24 9.183E + 20 9.600E + 19 4128 35,358 1.103E + 25
0.020 3.847E + 24 9.116E + 20 6.437E + 19 4159 35,358 9.914E + 24
A
r
e
T
C
o
s
R
A
B
B
B
B
B
C
C0.010 3.848E + 24 9.077E + 20 1.027E + 20 4177 35,358 1.127E + 25
0.000 3.849E + 24 9.040E + 20 1.105E + 20 4258 35,358 1.160E + 25
Average 3.82E + 24 1.03E + 21 9.20E + 19 3733 26,361 1.00E + 25
ppendix B. Comparison of the solar equivalent exergy
atios obtained in this study to simple ratios of the same
nergy ﬂows
Table B1.
able B1
omparison of solar, Earth and tidal energy ﬂows and the solar energy to earth and tidal energy ratios with the exergy ﬂows and estimates of the solar exergy equivalences
f  Earth’s deep heat exergy driving tectonic processes, and the tidal exergy dissipated in the present (ice-covered oceans) and past (ice-free oceans) that were made in this
tudy.
Solar energya Earth cycle energyb Tidal energyc Solar exergyd Earth cycle exergye Tidal exergy, icef Tidal exergy ice-freeg
3.86E + 24 1.37E + 21 1.17E + 20 3.85E + 24 9.20E + 20 1.09E + 20 1.60E + 20
Dimensionless energy ratios Equivalences (seJ J−1)
Solar to Earth energy Solar to tidal energy Earth deep heat exergy Tidal exergy, ice Tidal exergy, ice-free
2809  32,957 4190 35,394 24,166
Percent difference from simple energy ratios
0.04% 49.15% 7.39% 26.68%
a Table 4.
b Table 7.
c Table 2.
d Table 5.
e Table 2.
f Table 6.
g Table 6.
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